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This  thesis reports on the electrochemical detection of dissolved nitric 
oxide (NO) in phosphate buffered saline (pH 7.4) by electropolymerized-
Metallo 4’, 4’’, 4’’’, 4’’’’ tetra-amine Phthalocyanine (poly-MTAPc) modified 
electrodes. A series of three MTAPcs bearing different metal centers (Cu2+, 
Zn2+ and Pt2+) was synthesized by a facile Two-step microwave heating 
method. The flat glassy carbon electrode (GCE) and a Pt-coated nanoporous 
AAO membrane have been selected as the bare substrates for poly-MTAPc 
modification. For these two modified electrode systems, the nanoporous AAO 
electrode is represented by a densely-packed array of poly-MTAPc nanotubes 
within the pores, whereas the poly-MTAPc is only a thin film on the flat GCE. 
Compared to the flat modified GCE, the high-density poly-MTAPc nanotube 
array within the modified AAO electrode provided a high faradaic (signal) to 
charging (background) current ratio leading to 10-15 times improvement in 
sensitivity and a 10 times drop in detection limit. At sub-micromolar NO level, 
regardless of the metal centers, the two sensor systems showed no significant 
differences in their detection limit, sensitivity and linearity. Based on the two 
electrode systems, calibration by Differential Pulse Voltammetry and 
Amperometry (DPV and DPA) indicated that the MTAPc-mediated electro-
oxidation of NO proceeds via a ligand-based redox process of the MTAPc unit 
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1.1 Phthalocyanine and Metallophthalocyanine 
 
Phthalocyanine (Pc) (Figure 1.1A) is a planar aromatic macrocycle 
consisting of four isoindole units linked by nitrogen atoms, presenting an 18-π 
electron aromatic cloud delocalized over an arrangement of alternated C and N 
atoms1. The two hydrogen atoms in the centre of the molecule can be replaced 
by a metal cation giving rise to different Metallophthalocyanines (MPcs) 
(Figure 1.1B). Since the full structural elucidation of MPcs in the 1930s2-5, 
these materials have been industrially applied as pigments due to their intense 
blue-green colour, high thermal stability and chemical resistance6. MPc 
materials dissolve well in concentrated sulphuric acid and only partially in 
high boiling point aromatic solvent such as quinoline and α-chloro-napthalene7, 


















A B  
 
Figure 1.1 Structures of (A) Phthalocyanine, Pc and (B) 
Metallophthalocyanine, MPc. 
 
MPc complexes are highly-revered for their high chemical adaptability. 
More than 70 metals can be incorporated into the central cavity8 enabling 
chemists to further fine-tune its redox and photo-physical properties. In 
addition, a variety of substituents can also be attached along the periphery of 
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the macrocycle7. Peripheral functionalization is not only a fruitful counter to 
its solubility problem but is also a systematic way to to influence the electron 
density of the macrocyclic ligand9. Ligation to the axial positions of metal 
centers with of oxidation states higher than two10,11 can also provide additional 
versatility. 
 
In view of their high chemical adaptability and good stability, MPcs 
have attracted widespread interests in their technological applications. Many 
authors have presented a number of different MPc complexes used in various 
functional devices and applications such as organic field effect transistor 
(OFET), sensors12,13, light-emitting devices14,15, information storage16-18 and 
photovoltaic for solar energy conversion19,20 as well as in biological 
applications such as photodynamic therapy21 and drug delivery22. MPc-based 
materials have also been widely studied for their excellent catalytic 
properties23 due to their high degree of electrochemical reversibility and ultra-
fast redox changes24.  
 
1.1.1 Metallo 4’, 4’’, 4’’’, 4’’’’ Tetra-Amine Phthalocyanines 
 
Metallo 4’, 4’’, 4’’’, 4’’’’ tetra-amine Phthalocyanines (MTAPcs), are a 
prominent subcategory of the MPcs, derived by the peripheral amine 
functionalization at the 4-position of the unsubstituted parent complex. A 
common preparation strategy for MTAPc involves the reduction of the 
relevant Metallo 4’, 4’’, 4’’’, 4’’’’ tetra-nitro Phthalocyanine (MTNPc) intermediate. 
Figure 1.2 shows the structures of these two systems. 
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A B  
 
Figure 1.2 Structures of (A) MTAPc and (B) MTNPc. 
 
Electrodes modified by electropolymerized films of MTAPc have 
attracted attention for use in catalyzing electrochemical reactions and sensor 
applications7. Typically, using a cyclic voltammetry (CV) setup, anodic 
oxidation of the peripheral –NH2 on the MTAPc generates radicals25 that 
initiate polymerization with attack on the phenyl rings of the neighbouring 
MTAPc molecule26. Repetitive CV scans results in an intractable polymeric 
thin film of MTAPc, immobilized on the surface of the working electrode.  
 
In recent decades, electrodes modified by electropolymerized MTAPc 
have been demonstrated to be excellent electrocatalytic sensors for a huge 
variety of analytes such as peroxynitrite27, hydrogen peroxides28, glycine29, L-
dopa30, sulphide31, glucose32, hydrazine33,34, nitrite35, carbon dioxide36, 
peroxides37 , thiols38, oxygen39-42 and dopamine43. To date, few authors44-46 have 
reported on nitric oxide (NO) sensor electrodes based on electropolymerized 
MTAPcs. Furthermore, these few studies were limited to MTAPcs of M: Cu2+, 
Co2+ and Ni2+, which probably resulted from the successful preparation of 
these MTAPcs in 198747. In the recent years, MTAPcs bearing other metal 
centers such as Cr46, Mn27,29 and Ti35 have generated considerable interest in 
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the electrocatalytic implications brought about by the variable oxidation states. 
Other MPc systems bearing metal centres of the less-common rare earth 
metals48,49, Group IV50,51 metals,  and other transition metals (V52, Cd53, Re54 
and Rh55,56) have also attracted attention for other applications. 
 
 
1.2 Synthesis of MTAPcs and MTNPcs 
 
The most common approach towards MPcs with the desired 
substitutions involves the cyclotetramerization of pre-functionalized 
phthalonitrile, phthalic acid and phthalic anhydride precursors57. Direct 
cyclotetramerization of 4-amino phthalonitrile had failed to provide MTAPc in 
one step, yielding only uncharacterized black polymers7. Various articles have 
reported the synthesis of MTNPc from a few precursors: (A) 4-nitro 
phthalonitrile58,59, (B) 4-nitro phthalic acid29,47,60 or (C) 4-nitro phthalic 
anhydride61,62 with a metallic salt (Scheme 1.1). Subsequent reduction of the 
MTNPc provided the desired MTAPc monomer. 
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Scheme 1.1 Synthetic scheme of MTAPc obtained by reduction of the MTNPc 
intermediate, which in turn could be prepared from the cyclotetramerization of 
3 common precursors, (A) 4-nitro phthalonitrile, (B) 4-nitro phthalic acid or 
(C) 4-nitro phthalic anhydride with a suitable metal salt. 
 
1.2.1 Synthesis via Oil-Bath Heating Methods 
 
The syntheses of MTNPc and MTAPc bearing divalent first row 
transition metals such as Cu2+, Ni2+, Co2+ and Zn2+ have been well-
established47,59,61. The current approach to prepare new MTNPcs or MTAPcs 
incorporating other metal centers is to modify existing procedures by changing 
the metal salt used. For instance, Nyokong et al. have studied MTAPcs 
bearing metal centers of Mn(III)29,35, Cr(III) and Ti(IV)35 following the well-
established method by Achar et al.47.  
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CuSO4.5H2O   (i)













CuTNPc CuTAPc  
Scheme 1.2 Synthetic scheme of CuTNPc and CuTAPc following the 
procedure reported in Reference 47, (i) 185oC, 4.5 hours, (ii) 50oC, 5 hours. 
  
According to the well-known procedure described by Achar in 1987 
(Scheme 1.2, using M: Cu2+ as an example), MTNPc was synthesized from 4-
nitro phthalic acid and metal sulphates at 185oC in nitrobenzene. Excess urea 
in the reaction provided the nitrogen source63,64 for the formation and bridging 
of the four isoindole sub-units. Minute quantity of ammonium heptamolybdate 
catalyzes the macrocycle formation. Stirring CuTNPc in aqueous solution of 
reductive sodium sulphide for 5 hours afforded the CuTAPc monomer.  
 
Recently in 2009, Alzeer reported the synthesis of ZnTNPc from zinc 
(II) chloride, urea and 4-nitro phthalic anhydride in nitrobenzene. Complete 
reduction of ZnTNPc required a much shorter time (2 hours), when performed 















Zn(OAc)2.2H2O   (i)


















Scheme 1.3 Synthetic scheme of ZnTNPc and ZnTAPc following the 
procedure reported in Reference 61, (i) 190oC, 5 hours, (ii) 60oC, 2 hour. 
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Similar to its unsubstituted parent MPc complex, MTNPcs and 
MTAPcs are insoluble in water and in most organic solvents except for 
concentrated sulphuric acid. However, due to the peripheral –NO2 and –NH2 
functionalities, MTNPc and MTAPc dissolve well in polar aprotic solvents 
like DMF and DMSO. In view of the solubility issue, most authors reported 
purification of MTNPc and MTAPc complexes by non-chromatographic 
methods29,35,47,59,61,65-68. However, a few authors40,69,70 reported purification by 
column chromatography with DMF as the eluent. When starting from the 4-
nitro phthalonitrile precursor, purification of crude MTNPc can be achieved 
by “simple washing” to remove soluble impurities. In instances of 4-nitro 
phthalic acid or 4-nitro phthalic anhydride as the precursors, alternate 
treatment of MTNPc in hot acid and base provided pure products. 
 
1.2.2 Microwave Heating Synthesis 
 
Ever since the inception of microwave heating in organic synthesis in 
the 1980s71,72, the use of microwave has become a well-accepted method for 
carrying out reactions73-75. Due to the unique heating profile, “microwave 
dielectric heating”76 allows a drastic reduction of reaction times from hours to 
minutes, lower the rate of unwanted side reactions and improves product 
yields76. Currently, microwave-heated synthetic experiments have also been 
incorporated into modern undergraduate chemistry education77-79. 
 
The use of microwave heating methods have also benefitted the 
synthesis of MTNPc65,66,67,68 with advantages such as the significant shortening 
of reaction times, the increased product yields and a higher product purity. 
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However, these earlier experiments reported the use of domestic ovens for the 
synthesis of MTNPcs65-68 and the corresponding reduction into MTAPcs66. 
Compared to domestic microwave ovens, the homogeneous microwave field, 
the availability of temperature control and the facility for stirring in 
specialized microwave reactors ensure a higher level of safety and 
reproducibility. Furthermore, as seen in publication guidelines80 organic 
chemistry journals of the American Chemical Society (ACS) will typically not 
consider manuscripts which describe the use of domestic microwave ovens or 
do not report a reaction temperature. As a result, there is a strong demand for 
translation of synthetic conditions from domestic ovens to microwave reactors 
to cater for safer and more reproducible reaction procedures.   
 
Back in 2005, Burczyk and co-workers81 reported the microwave 
heated, solvent-free synthesis of unsubstituted MPcs under temperature-
controlled mode in a commercially-available microwave reactor (Synthewave 
402, Prolabo). Solid mixture of phthalonitrile and metal chlorides reacted to 
give MPc within 4 to 15 minutes at 180 to 230oC. More recently in 2009, 
Achar et al. reported microwave irradiation of a solvent-free solid mixture of 
PtCl4 and 4-nitro phthalonitrile at 540W for 2 min followed by 720W for 3 
minutes in a domestic oven to provide PtTNPc in high yield65. 
 
 
1.3 Use of MPcs as Chemical Sensors: Detection of NO 
 
The Nobel Prize in Physiology and Medicine for 1998 was awarded 
to Robert F. Furchgott, Louis J. Ignarro and Ferid Murad for establishing NO 
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as a signaling molecule in the cardiovascular system82. A large number of 
reports have demonstrated the involvement of NO in a wide range of 
physiological systems83, and the excessive or impaired production of cellular 
NO84 resulted in several diseases. The role of NO in plant signaling network 
have also been reviewed85. Therefore, reliable detection of NO is crucial to 
medical and physiological research. 
 
To date, electrochemical methods are acknowledged to be the most 
commercially viable means for NO detection84-88 due to the excellent 
sensitivity and the ability to actively monitor NO in vivo86,89. Furthermore, an 
additional coating of Nafion44,45 and/or other perm-selective polymer90,91 over 
the sensor electrode have been widely-accepted in ensuring the selectivity of 
these catalytically-modified sensor electrodes against major interferents such 
as nitrite (NO2-), dopamine, ascorbate, and  L-arginine. Nafion 
perfluorosulfonate ionomer permits the passage of NO, cations and water 
while blocking the passage of anionic NO2- even under high concentration 
gradients92. 
 
The advent of catalyst-based electrochemical sensor electrodes has led 
to rapid development in the field of NO detection research. In 1992, a carbon 
fibre electrode (CFE) was electrochemically coated by an electrocatalytic 
Nickel porphyrin polymer89. Based on the electro-oxidation of NO, this 
modified NO sensor generated current signals that was proportional to the NO 
level in the aqueous medium (pH7.4). In comparison to the bare CFE, the 
porphyrinic layer imparts electrocatalytic behavior. According to the 
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explanation by Wang, the highly conjugated porphyrinic coating acts as a 
redox (or electron-transfer) mediator, shuttling electrons between the electrode 
and analyte93. Zagal94 has summarized the calculations of Ulstrup95, and 
explained that such porphyrinic material introduces intermediate electronic 
levels between those of the bare electrode surface and the analyte, thereby 
increasing the probability of electron transfer (ET), as well as the ET rate. As a 
result, the oxidation/reduction potential of the analyte shifted negatively 
together with an increase in current response upon detection. These benefits 
directly addressed the current challenges in NO detection: extremely low 
physiological concentration (0.1μM to 5nM) which could be further 
aggravated by its high reactivity towards oxygen, peroxides, superoxides, 
metals or other biomolecules84,87. 
 
The focal point of electrochemical NO sensing in the last 20 years has 
been shifting away from the metalloporphyrins to a class of related complexes, 
the MPcs45,83,87,96-102. Compared to MPcs, the structure of the metalloporphyrin 
generally show poorer rigidity and stability (chemically as well as 
photochemically)103,104. Furthermore, the MPcs are more easily synthesized in 
high yield than the metalloporphyrins105, which could also be another cause for 
the shift. Hence the study of MPc-modified electrodes as NO sensors forms 
the central theme of this thesis. 
 
1.3.1 Effect of the Metal Centres towards Sensor Performance 
 
MPcs are highly customizable complexes where changes can be made 
either by changing the substituent (at the periphery) or the metal centre. MPc 
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complexes can therefore play a key role in the evaluation of any “structure-
catalytic activity” relation. To date, the theory of MPc-mediated 
electrocatalysis has remained underdeveloped23. Few studies23,106,107 have 
focused on the electrocatalytic activity dependence of MPcs on its metal 
centre106, and results obtained were based on different types of electrodes 
modified by various MPc derivatives, limited to a few analytes. Some 
examples are the MPc-mediated electro-reduction of SOCl2106, O223and electro-
oxidation of OH-107 where the all three authors concluded that the redox 
reaction occurred through a metal-based redox process. The central metal ion 
served as the active site for the ligation of SOCl2, O2 and OH- prior to further 
reaction. Interestingly, switching the central metal ions (only the first row 
transition metals had been explored) of the MPc derivatives effectuated 
significant changes to the catalytic activity. Based on the examples for 
SOCl2106, O223and OH-107, the three authors invoked the coordination 
preference of the central metal ion, the number of d electrons, energy of d 
orbitals, metal/analyte bond strength and the nature of the analyte (or 
adsorbate) to explain their differences in electrocatalytic activity in relation to 
the metal center of the MPcs. 
 
The MPc-mediated electro-oxidation activity of NO, on the other hand, 
has been observed to be weakly affected by the nature of the central metal ion. 
In 1999, Jin et al.45 reported the electrochemical NO sensing by 
microelectrodes modified by electropolymerized film of MTAPc restricted to 
M: Co2+, Ni2+ and Cu2+. Apart from two linear ranges shown by CoTAPc, all 
three MTAPcs shared similar sensitivities and detection limits.  
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In 2003, Caro and co-workers investigated the electrocatalytic activity 
of various MPcs (M: Co, Cr, Fe, Ni, Mn, Cu, and Zn) adsorbed on glassy 
carbon electrode for the electro-oxidation of NO97. In line with the observation 
of Jin, Caro concluded that “when comparing phthalocyanines of different 




1.3.2 Electropolymerized MTAPc modified electrodes as NO 
Sensor 
 
As mentioned earlier, studies on NO sensing based on 
electropolymerized MTAPc modified electrodes44-46 have been scarce. 
Furthermore, these few studies focused on MTAPcs bearing first-row 
transition metals Cu2+, Co2+ and Ni2+, as a result of the well-established 
synthetic procedure of MTAPc by Achar in 198747. There remains a need to 
further explore the influence of the metal centres towards the performance of 
NO sensors based on electropolymerized MTAPc.  
 
Achar et al. reported the synthesis of MTAPc with a platinum metal 
center (PtTAPc) in 200965. While the platinum-centered porphyrin modified 
electrodes have been reported for use as luminescent oxygen sensors108-111, to 
date, the electrocatalytic capability of the electropolymerized PtTAPc has 
apparently not been explored. Hence, it will be interesting to investigate the 
electrocatalytic properties of PtTAPc as well as make a comparison of its 
properties to those of MTAPcs with other metal centres, towards NO detection.  
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1.3.3 Poly-MTAPc-nanotube-modified nanoporous AAO 
electrodes as NO sensor  
 
The polymeric MTAPc coating described in Sections 1.3.1 and 1.3.2 
typically takes the form of a thin film immobilized on the flat electrode 
surface, and the number of electroactive sites varies proportionately with the 
geometric area of the electrode. The fabrication of the electrocatalytic poly-
MTAPc coating into arrays of nanotubes and fibers is a powerful method for 
improving sensitivity and detection limit through the provision of more 
electroactive area. The development of sensor electrodes modified by 
MPc/carbon nanotube hybrid materials have contributed significantly to this 
area of research112-115. 
 
An alternative type of nano-porous modified anodic alumina oxide 
(AAO) electrode was a subject of a recent review116 in 2011. As an example, 
Gu et al.117,118 described a high performance electrochemical NO sensor based 
on a “Nafion coated electropolymerized-CuTAPc nanotube modified” 
electrode. Figure 1.3 conceptually shows the reported electrode fabrication 
and design.  
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Figure 1.3 Schematic representation of the (A) Platinum-coated AAO 
electrode, (B) electropolymerized CuTAPc entrenched within the pores and 
(C) cross section view of (B), greenish patch represents the wall of the 
polymer nanotube. 
 
Initially, an AAO/Pt template was obtained by sputtering Pt onto 
commercially-available anodic alumina oxide (AAO) of 200nm pore size. The 
conductive Pt layer acted as electropolymerization site for CuTAPc which 
resulted in the formation of electropolymerized CuTAPc nanotube array 
within the confinement of the nano-sized pores. An additional coating of 
Nafion deposited over the whole assembly ensured selectivity against NO2-. 
This entire assembly (Figure 1.3B or C) can be regarded as ensembles of disc 
ultramicroelectrodes separated by an electrical insulator (i.e. AAO template 
walls) interposed between them119. Considering the high density of the 
nanotube array, the increase in the electroactive area is expected, based on the 
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1.4 Scope of the Current Thesis 
 
 The synthetic protocol for CuTAPc has been established since 198747, 
and its properties have since been widely studied. CuTAPc has been 
confirmed as an electrocatalyst of NO oxidation44,45,118 and hence, it was 
judiciously selected for the NO sensing study. Electrocatalytic studies have 
not been previously reported on the diamagnetic ZnTAPc that incorporates a 
redox-inactive d10 metal. Thus, it would be worthwhile to investigate the 
possibility of any d orbital intervention in the electro-oxidation of NO using 
ZnTAPc. Similarly the electrocatalytic properties of PtTAPc have remained 
largely unexplored although its synthesis has been reported in 200965. The 
heavy Pt atom, being a soft acid, is known to preferentially interact strongly 
with N and S donor atoms121,122. Furthermore, theoretically calculations 
suggested that NO can strongly chemisorb to MPc molecules at the metal 
center123. Bearing this NO/MPc interaction in mind, this study aims to evaluate 
the implication of different metal centers towards NO electro-oxidation with 
the use of electrodes modified by electropolymerized films of CuTAPc, 
ZnTAPc and PtTAPc.   
 
The first part of the thesis described the preparation of 
CuTAPc/CuTNPc, ZnTAPc/ZnTNPc and PtTAPc/PtTNPc, by both oil 
bath-heating (Scheme 1.2 and 1.3) and microwave heated methods (Scheme 
1.4). All compounds were characterized by 1H-NMR spectroscopy, MALDI 
TOF mass spectrometry (MS), UV-Vis spectroscopy and elemental analysis. 
The efficacy of the microwave heating method will also be compared to the 
classical synthesis methods of MTAPcs (Scheme 1.2 and 1.3). 
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M = Cu2+, CuTNPc
M = Zn2+,  ZnTNPc
M = Pt2+,   PtTNPc
M = Cu2+, CuTAPc
M = Zn2+,  ZnTAPc
M = Pt2+,   PtTAPc
solvent-free DMF
 
Scheme 1.4 Synthetic scheme of the two-step microwave heated synthesis of 3 
MTAPc s (M = Cu2+, Zn2+ & Pt2+). 
 
The second part investigates the use of electropolymerized MTAPc 
modified glassy carbon electrode (GCE) as NO sensor. A GCE was selected 
for MTAPc modification to ensure reliable NO sensor data as Mashazi28 had 
suggested that a GCE substrate gives higher current response and relatively 
lower detection limit compared to Au substrate. On a Pt surface, the formation 
of surface oxides prior or during83 electro-analysis may alter the kinetics of 
NO oxidation, leading to irreproducible data93. CuTAPc, ZnTAPc and 
PtTAPc were electropolymerized onto GCE by cyclic-voltammetry. All three 
MTAPcs displayed electrocatalytic activity towards NO oxidation in 
phosphate buffered saline (PBS) at pH7.4, as confirmed by Differential Pulse 
Voltammetry (DPV). The influence of the three metal centres on the 
electrode’s sensitivity and detection limit forms the focal point for this part. 
 
 Following the procedures described by Gu et al.117,118 (Figure 1.3), the 
final part of this thesis describes the fabrication of polymeric MTAPc 
nanotube array within nanoporous AAO template and examine the use of such 
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modified AAO electrode as a NO sensor. This part of the investigation focuses 
on demonstrating the enhanced sensitivity and improved detection limit of this 
novel electrode, compared to the typical poly-MTAPc modified GCE where 
the poly-MTAPc material assumes thin film morphology on the flat GCE 
surface. Attention will also be given to the implications of the three metal 
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Copper (II) chloride dihydrate (UNILAB), zinc (II) acetate dihydrate 
(BDH), copper (II) sulphate pentahydrate (GCE Chemicals) were used as 
received. Platinum (IV) chloride (96%), 4-nitro phthalonitrile (99%), 4-nitro 
phthalic anhydride, 4-nitro phthalic acid, nitrobenzene and sodium sulphide 
nonahydrate (≥98%) were purchased from Sigma Aldrich, Singapore and used 
without further purification. Platinum (II) chloride (99.9%) was from Strem 
Chemicals. DMF (HPLC grade) was a product from LabScan. Technical grade 





All microwave experiments were done in the open-mode using a 
Discover SP (CEM) microwave reactor. The rate of stirring was set at 
‘medium’ (three selectable rates are available on the reactor: ‘slow’, ‘medium’ 
and ‘high’) for all reactions. The typical reaction vessel used was a standard 
10ml one-neck round bottomed flask (RBF from CTech glassware).  
 
1H-NMR spectra were typically acquired on a Bruker AV-300 or AMX-
500 spectrometer. The chemical shift values were given in ppm relative to the 
solvent resonances. Coupling constant (J) values were reported in Hz. All data 
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processing was carried out with Bruker 1D WIN-NMR software. Acetone-d6 
and DMSO-d6 deuterated solvents used were purchased from Sigma Aldrich, 
Singapore. 
 
Matrix Assisted Time-of-Flight Mass Spectrometry (MALDI-TOF MS) 
data were obtained by personnel from the Protein and Proteomics Centre (PPC) 
of the Department of Biological Sciences, Faculty of Science, National 
University of Singapore. A Voyager-DE STR Biospectrometry workstation 
was used. Samples sent for molecular weight determination were supplied as a 
saturated solution in DMF.  
 
UV-Vis spectra were recorded with a Shimadzu 2450 UV-Vis 
Spectrophotometer using a 1 cm pathlength cuvette at room temperature. All 
elemental analyses were performed in the Elemental Analysis Laboratory of 
the Department of Chemistry, Faculty of Science, National University of 
Singapore where C, H and N elemental compositions were determined 




A. Procedures using Oil Bath Heating Methods 
 
CuTNPc/CuTAPc and ZnTNPc/ZnTAPc were synthesized following 
the procedures reported by Achar47 and Alzeer61 respectively.  
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(i) Copper (II) 4’,4”,4”’,4”” tetra-nitro Phthalocyanine – CuTNPc 
 
4-Nitrophthalic acid (1.13g, 5.35mmol), copper (II) sulphate pentahydrate 
(0.37g, 1.48mmol), ammonium chloride (0.138g, 2.243mmol), ammonium 
molybdate (0.013g, 0.011mmol) and urea (0.138g, 2.58mmol) were finely 
ground and nitrobenzene (0.7mL) was added. The reaction mixture was then 
heated at 185 °C for 4 hours. Crude CuTNPc was washed with ethanol to 
remove nitrobenzene and then boiled in 60ml of 1M HCl (saturated with 
sodium chloride) for 5 minutes before filtering. The resulting solid was then 
heated in 60ml of 1M NaOH (saturated with sodium chloride) at 90 °C until 
ammonia evolution ceased which took approximately 6 hours. After filtering, 
the dark bluish solid was alternately treated with1M HCl and 1M NaOH two 
times, and finally washed with D.I. water to afford CuTNPc (0.53g, 53.0%).  
 
MALDI-TOF MS (m/z): [M+]· calculated for C32H12N12O8Cu, 755.0197; 
found: 755.0109 
 
UV-Vis [λ /nm in DMF]: 636 (Q band) 
 
Anal. calculated for C32H12N12O8Cu: C, 50.84; H, 1.59; N, 22.23. Found: C, 
50.37; H, 1.8; N, 22.01. 
 
(ii) Copper (II) 4’,4”,4”’,4”” tetra-amine Phthalocyanine – CuTAPc 
 
CuTNPc (0.253g, 0.335mmol) and sodium sulphide nonahydrate (1.265g, 
5.271mmol) were placed in 6.5 mL of water. The mixture was stirred at 50 °C 
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for 5 hours and then centrifuged to collect the crude CuTAPc from the 
reaction mixture. The dark greenish crude product was treated with HCl (1M), 
followed by aq. NaOH (1M) for an hour each before it was centrifuged. The 
solid was washed repeatedly with D.I water and centrifuged to give CuTAPc 
(0.13g, 59.3%). 
 
MALDI-TOF MS (m/z): [M+]· calculated for C32H20N12Cu, 635.1230; found: 
635.0485 
 
UV-Vis [λ /nm in DMF]: 647(sh), 723 (Q band) 
 
Anal. calculated for C32H20N12Cu (.2H2O): C, 57.18; H, 3.6; N, 25.01. Found: 
C, 57.12; H, 3.45; N, 24.66.  
 
(iii) Zinc (II) 4’,4”,4”’,4”” tetra-nitro Phthalocyanine – ZnTNPc      
 
4-Nitrophthalic anhydride (1g, 5.18 mmol), zinc (II) chloride (0.4g, 
2.93mmol), ammonium molybdate (0.013g) and urea (1.49 g, 24.8 mmol) 
were finely ground and nitrobenzene (7.5mL) was added. The reaction mixture 
was then heated at 190 °C for 4 hours. The reaction mixture was poured into 
toluene, and a crude dark greenish ZnTNPc was collected by filtration. The 
filter cake was washed with toluene, D.I. water, MeOH/ether (1:9) and ethyl 
acetate/hexane (2:1) to afford 0.3939 g (40.2%) of ZnTNPc by suction 
filtration. 
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1H- NMR (300 MHz, d6-acetone): 8.69 (dd, 1H, JHH = 1.8 Hz, JHH = 1.65 Hz), 
8.53 (d, 1H, JHH = 1.47 Hz), 8.12 (d, 1H, JHH = 7.89Hz) 
 
MALDI-TOF MS (m/z): [M+]· calculated for C32H12N12O8Zn, 755.9838; 
found: 755.9838 
 
UV-Vis [λ /nm in DMF]: 687 (Q band) 
 
Anal. calculated for C32H12N12O8Zn: C, 50.71; H, 1.6; N, 22.18. Found: C, 
47.2; H, 1.96; N, 20.36. 
 
(iv) Zinc (II) 4’,4”,4”’,4”” tetra-amine Phthalocyanine – ZnTAPc 
     
ZnTNPc (0.2g, 0.265mmol) was dissolved in 5ml of DMF. Sodium sulphide 
nonahydrate (0.74g, 3.08mmol) was added and stirred for 1 minute. The 
reaction mixture was heated at 60oC, for 2hours. The resulting product mixture 
was re-precipitated in water at room temperature and left to stir for 15 minutes. 
Dark greenish ZnTAPc was collected by centrifugation, dried and then 
purified by Sohxlet extraction with D.I. water. 
 
1H- NMR (500 MHz, d6-DMSO): 8.93 (m, 1H), 8.43 (d, 1H, JHH =19.5 Hz), 
7.39 (d, 1H, JHH = 6.3 Hz), 6.25 (s, 2H). 
 
MALDI-TOF MS (m/z): [M+]· calculated for C32H20N12Zn, 636.1225; found: 
636.2143 
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UV-Vis [λ /nm in DMF]: 716 (Q band) 
 
Anal. calculated for C32H20N12Zn (.2H2O): C, 57.03; H, 3.59; N, 24.95. Found: 
C, 51.81; H, 3.60; N, 22.32.  
 
B. Procedures using Microwave Heating Methods 
 
Choices and ratio of the reactants, workup procedures of the solvent-
free synthesis of the three MTNPcs and their subsequent reduction into 
MTAPc were adapted from the literature61,65,81,124. The reported temperatures, 
reaction time and microwave power in this thesis were derived by us. 
 
(i) Copper (II) 4’,4”,4”’,4”” tetra-nitro Phthalocyanine – CuTNPc 
 
4-nitro phthalonitrile (0.15g, 0.866mmol) and CuCl2.2H2O (0.07g, 0.208mmol) 
were finely grounded together and placed in the RBF. The solvent-free 
reaction mixture was irradiated at 180oC, 120W, with 3 minutes of hold time. 
The dark bluish product was finely-grounded and Sohxlet-extracted with 
ethanol till colorless solvent filled the upper part of the Sohxlet apparatus. 
Extraction was repeated with D.I. water, and finally with acetone before 
drying in vacuo. 
 
MALDI-TOF MS (m/z): [M+]· calculated for C32H12N12O8Cu, 755.0197; 
found: 754.9425 
 
UV-Vis [λ /nm in DMF]: 636 (Q band) 
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Anal. calculated for for C32H12N12O8Cu: C, 50.84; H, 1.6; N, 22.23. Found: C, 
50.48; H, 1.6;  N, 21.84. 
 
(ii) Copper (II) 4’,4”,4”’,4”” tetra-amine Phthalocyanine – CuTAPc 
 
CuTNPc (0.05g, 0.0662mmol) was dissolved in 1ml of DMF. Sodium 
sulphide nonahydrate (0.170g, 0.708mmol) was added and stirred for 1 minute. 
The reaction mixture was irradiated at 90oC, 50W for 15 minutes. The 
resulting product mixture was re-precipitated in water (10ml) at room 
temperature and left to stir for 15 minutes. A dark greenish solid was collected 
by centrifugation, dried and then purified by Sohxlet extraction with water. 
 
MALDI-TOF MS (m/z): [M+]· calculated for C32H20N12Cu, 635.1230; found: 
635.0285 
 
UV-Vis [λ /nm in DMF]: 647(sh), 723 (Q band) 
 
Anal. calculated for C32H20N12Cu (.2H2O): C, 57.18; H, 3.6; N, 25.01. Found: 
C, 57.14; H, 3.46; N, 24.36.  
 
(iii) Zinc (II) 4’,4”,4”’,4”” tetra-nitro Phthalocyanine – ZnTNPc 
          
ZnTNPc was obtained using the procedure described for the preparation of 
CuTNPc in Sub-section 2.1.3B (i), using zinc acetate dihydrate in place of the 
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metal salt. The reaction mixture was irradiated at 200oC, 80W for 6 minutes. 
Sohxlet extraction was done with ethanol, water and DCM. 
 
1H- NMR (300 MHz, d6-acetone): 8.69 (dd, 1H, JHH = 1.8 Hz, JHH = 1.65 Hz), 
8.53 (d, 1H, JHH = 1.47 Hz), 8.12 (d, 1H, JHH = 7.89Hz) 
 
MALDI-TOF MS (m/z): [M+]· calculated for C32H12N12O8Zn, 755.9838; 
found: 756.0193 
 
UV-Vis [λ /nm in DMF]: 687 (Q band) 
 
Anal. calculated for C32H12N12O8Zn: C, 50.71; H, 1.6; N, 22.18. Found: C, 
47.35; H, 2.02; N, 21.28. 
 
(iv) Zinc (II) 4’,4”,4”’,4”” tetra-amine Phthalocyanine – ZnTAPc 
 
Similarly, ZnTAPc was obtained from ZnTNPc following the procedure 
described for the preparation of CuTAPc in Section 2.1.3B(ii). 
 
1H- NMR (500 MHz, d6-DMSO): 8.93 (m, 1H), 8.43 (d, 1H, JHH =19.5 Hz), 
7.39 (d, 1H, JHH = 6.3 Hz), 6.25 (s, 2H) 
 
MALDI-TOF MS (m/z): [M+]· calculated for C32H20N12Zn, 636.1225; found: 
636.2143 
 
UV-Vis [λ /nm in DMF]: 643(sh), 716 (Q band) 
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Anal. calculated for C32H20N12Zn (.2H2O): C, 57.03; H, 3.59; N, 24.94. Found: 
C, 54.94; H, 2.33; N, 22.97. 
 
(v) Platinum (II) 4’,4”,4”’,4”” tetra-nitro Phthalocyanine – PtTNPc 
 
PtTNPc was obtained using the procedure described for the preparation of 
CuTNPc in Section 2.1.3B(i), with PtCl2 used in place of the metal salt. The 
reaction mixture was irradiated at 190oC, 80W for 5 minutes. Sohxlet 
extraction was done with ethanol, water and acetone. 
 
MALDI-TOF MS (m/z): [M+]· calculated for C32H12N12O8Pt, 887.0549; found: 
886.9318 (23%), 903.9324(base peak, 100%, [M+]·+ 17) 
  
UV-Vis [λ /nm in DMF]: 610 (Q band) 
 
Anal. calculated for C32H12N12O8Pt: C, 43.3; H, 13.6; N, 18.94. Found: C, 
40.65; H, 1.6; N, 16.92. 
 
(vi) Platinum (II) 4’,4”,4”’,4”” tetra-amine Phthalocyanine – PtTAPc 
 
PtTAPc was obtained from PtTNPc following the procedure described for the 
preparation of CuTAPc. 
 
1H- NMR (500 MHz, d6-DMSO): 8.79 (s, 1H), 8.29 (s, 1H), 7.39 (s, 1H), 6.32 
(s, 2H) 
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MALDI-TOF MS (m/z): [M+] calculated for C32H20N12Pt, 767.1582; found 
767.9960 
 
UV-Vis [λ /nm in DMF]: 636(sh), 707 (Q band) 
Anal. calculated for C32H20N12Pt: C, 50.07; H, 2.63; N, 21.89. Found: C, 46.13; 
H, 3.07; N, 18.65. 
 
 
2.2 Fabrication of Nafion-coated Electropolymerized 




Tetrabutylammonium Perchlorate (TBAP) (electrochemical grade) was 
purchased from Alfa Aesar. DMSO (HPLC grade) from Lab Scan was used 
without any purification. De-gassing of DMSO was performed in an 
Elmasonic S10(H) ultrasonic cleaning unit (set to the “de-gas” mode) for 30 
minutes. Nafion perfluorinated resin solution (5 wt. % in mixture of lower 
aliphatic alcohols and 45 % water) was purchased from Sigma Aldrich. The 
cylindrical-shaped GCE was housed in a Teflon casing, revealing a disk-
shaped area of 0.07cm2 (3mm diameter). “PK-3 Electrode Polishing Kit” from 
BASF: polishing pad mounted on a glass plate and polishing alumina (0.05µm) 
was used for GCE polishing. AAO templates were AnodiscTM 25 membrane 
filters with a thickness of 60μm and a quoted pore diameter of 200nm were 
purchased from Whatman®. The AAO filters templates were packed with the 
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filtration surface (200nm pore size) uppermost. Masking tapes used were from 





Cyclic voltammetric electropolymerization was performed with an 
Autolab TYPE II Potentiostat connected to a conventional 3-electrode cell 
with an Ag/AgCl (3M KCl) reference electrode and a platinum foil counter 
electrode. A FE-SEM (JEOL JSM6700F, 5eV) system was used to 
characterize the poly-MTAPc nanotube array. A JEOL, JFC-1600 Auto Fine 




A. Fabrication of Nafion/Poly-MTAPc/GCE Sensor Electrode 
 
The electropolymerization of MTAPc on GCE was performed by using 
de-gassed DMSO containing 1mM of  MTAPc and 0.1M TBAP. The GCE 
was cycled starting from -0.2V to +0.9 V for 40 cycles at 100mV/s. The 
modified GCE was then rinsed well with DMSO, followed by ethanol and D.I. 
water, and left to air dry. Finally 20 µL Nafion was deposited over the 
electroactive area and left to air-dry. 
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B. Fabrication of Nafion/Poly-MTAPc nanotube/AAO/Pt Sensor     
Electrode 
 
The fabrication process of the modified nanoporous AAO electrode 
adopted has been reported previously by Gu et. al.118. 
 
i. Pt Sputter Coating of AAO templates 
 
4 to 6 Anodisc filter membranes were evenly laid out (with the 
filtration surface facing up) along the edges of a circular piece of paper of 
diameter 9.2cm that was fixed onto the circular stage of the JFC-1600 Auto 
Fine Coater. This ensures that the, so as to prevent deformation of the 
polypropylene support ring due to the heat. The Auto Fine Coater was set to 
deposit 200nm of Pt. 
 
ii. Preparation of AAO/Pt Working Electrode 
 
The Pt coated, disc-shaped AAO template was connected to an 
insulated copper wire by soldering. Another layer of masking tape was 
adhered onto the conductive Pt working electrode to prevent contact between 
the electrochemical solution and this Pt layer.  The whole assembly was dried 
briefly in vacuo to enhance the adhesion between the tapes and the Pt-coated 
AAO templates. 
 
iii. Fabrication of Nafion/Poly-MTAPc nanotube/AAO/Pt  Electrode 
 
The hand-made AAO/Pt working electrode (see Subsection 2.2.2 B(iii)) 
was soaked in a de-gassed DMSO solution of 0.1mM TBAP and 0.1mM 
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MTAPc monomer for 30 minutes. The working electrode was then cycled 
from -0.2 to +0.9 V for 200 times at 100mV/s. The electrode was then rinsed 
well with DMSO, followed by ethanol and D.I. water, and left to air dry. 
Finally 2 x 20 µL Nafion was deposited over the electroactive area (that would 
be easily identified because of a slight green tinge) and left to air-dry. 
 
iv. Characterization of poly-MTAPc Nanotube Array 
 
The masking tape was peeled off from p-MTAPc-
nanotube/AAO/Pt/masking tape sensor electrode and the p-MTAPc-nanotubes 
array immobilized on the thin Pt layer was characterized using FESEM (JEOL 
JSM6700F, 5 keV) after etching away the AAO template using 0.1M NaOH.  
 
 
2.3 Electrochemical NO Sensor Studies 
 
2.3.1 Preparation of NO Stock Solution 
 
The NO stock solution was prepared and its concentration determined 
following literature procedures125. 
 
A. Chemical and Reagent 
 
Sodium nitrite and sodium dihydrogen phosphate were purchased from 
Merck. Sodium chloride, potassium hydroxide and sodium hydroxide pellets 
were purchased from GCE Laboratory Chemicals. N-1-
naphthylethylenediamine dihydrochloride (NEDD) and sulfanilamide (SULF) 
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were obtained from TCI Chemicals. Sulfuric acid (97%) was obtained from 
Schedelco.  
 
100 μM PBS (pH7.4) was prepared by dissolving 1 phosphate buffered 
saline tablet (Sigma Aldrich) into 200ml of DI water, giving 0.01M PBS, and 
diluting it 100 times. No nitrogen purging was required prior to 
spectrophotometric determination of NO.  
 
B. Synthesis of NO 
 
NaNO2 solution (~13g of sodium nitrite was dissolved in 25ml de-
gassed DI water) was slowly dripped into 30ml of 6M H2SO4 under rapid 
stirring. Gaseous products were passed through 2 Drescher containers filled 
with 4M KOH to remove brown-colored higher oxides of nitrogen. The 
purified NO gas was bubbled into a two-necked RBF containing 10 ml of DI 
water under continual stirring. The entire setup was purged with nitrogen for 
45 minutes prior to the generation and collection of NO. All NaNO2 solution 
was dripped into the 6M H2SO4 in approximately 35 minutes, to obtain the NO 
stock solution. 
 
C. Spectrophotometric Determination of NO concentration 
 
Neutral Griess reagent was prepared by adding a mixture of 1:42 mole 
ratio of NEDD (0.4 mM) to SULF (17 mM) to 100 μM PBS (pH7.4). Stirring 
and gentle warming was required to dissolve all solids. 2 mL Griess reagent 
(colourless solution) was added to the 1cm path-length cuvette and 10μL of 
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NO stock solution was then added.  The cuvette was mixed well and 10 
minutes was allowed to lapse before recording the UV-Vis spectrum. The 
concentration of the NO stock solution was calculated using the absorbance 
value of the peak at 496 nm and the Lambert-Beer law with a molar 
absorptivity of 12500 Mcm-1. 
 
2.3.2 Sensor Electrode Calibration by DPV and DPA 
 
DPA and DPV calibration parameters were adapted from the work of 
Gu et. al.117 and Jin et al.45. 
 
A. Materials and Instrumentation 
 
PBS was prepared by deoxygenated de-ionized water containing 
0.15M NaCl, 0.04M NaH2PO4 and 0.04M NaOH and then adjusting the pH to 




 Electrochemical measurements were carried out with a Autolab TYPE 
II Potentiostat. A standard 3 electrode cell was used. An Ag/AgCl electrode 
(3M KCl) was used as a reference electrode and a platinum foil was used as 
the counter electrode. The poly-MTAPc nanotube/AAO/Pt and poly-
MTAPc/GCE sensor electrodes were fabricated according to Section 2.2. 
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C. Differential Pulse Voltammetry and Amperometry (DPV and 
DPA) 
 
20 mL de-oxygenated PBS solution was placed in the cell and different 
volumes of newly prepared NO solution were added. DPV determination was 
performed with a step potential of 0.005V, modulation amplitude of 0.025V, a 
modulation time of 0.05 seconds, an interval time of 0.5 seconds and a 
potential range from 0.5 to 0.9 V.  
 
In DPA, the electrodes were cleaned at 0V for 1s, pulsed to 0.75V for 
50ms and then pulsed to 0.85V for another 50ms. Thus, the current difference 
between the values at 0.75 and 0.85V was recorded. NO solutions with 
different standard concentrations were then subsequently added using a gas-
tight syringe and the current response changes were measured continuously 
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3  
3.1 Synthesis and Characterization of MTAPc monomers 
 
Electropolymerized MTAPc modified electrodes were found to be 
useful as electrocatalytic sensors, distinguished by their lowered analyte redox 
potential, increased current response and a consequent lowering of detection 
limit in comparison to the corresponding bare electrode. Today, 
electrochemical methodologies are regarded as the most commercially-viable 
approach for physiological NO detection, which is critical to the 
understanding of various physiological processes and disease states. Much 
research in recent decades has focused on electrodes modified by 
electrocatalytic metalloporphyrins, MPcs and related complexes44 for NO 
sensing. However, only a few reports44-46 have addressed the application of 
electropolymerized MTAPc modified electrodes for electrochemical NO 
detection.  
 
As outlined in the Introduction chapter, previous studies have focused 
on electropolymerized MTAPcs with first row transition metals: Cu2+, Ni2+ or 
Co2+. This study investigated three MTAPcs incorporating Cu2+ (CuTAPc), 
Zn2+ (ZnTAPc) and the elusive Pt2+ (PtTAPc). Although the synthesis of 
PtTAPc has been reported65, no studies on the electrocatalytic property of 
PtTAPc can be found in the literature. 
 
The following sections describe the synthesis and characterizations of 
CuTNPc/CuTAPc, ZnTNPc/ZnTAPc and PtTNPc/PtTAPc by oil-bath 
(Section 3.1.1) and microwave heating methods (Section 3.1.2). All complexes 
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were characterized by MALDI TOF MS, UV-Vis spectroscopy, 1H-NMR 
spectroscopy and elemental analysis.   
 
3.1.1 Synthesis via Oil-Bath Heating Methods  
 
A. Synthesis of MTNPc and MTAPc 
 
       Oil-bath heating methods based on literature procedures in References 
47 and 61 were successfully employed to produce CuTNPc/CuTAPc and 
ZnTNPc/ZnTAPc respectively. High temperature cyclotetramerization of 4-
nitro phthalic acid with CuSO4.5H2O in nitrobenzene47 (Scheme 3.1) provided 
















CuSO4.5H2O   (i)













CuTNPc CuTAPc  
Scheme 3.1 The synthetic scheme of CuTNPc and CuTAPc based on 
Reference 47, (i) 185oC, 4.5 hours, (ii) 50oC, 5 hours. 
 
Crude CuTNPc was purified by alternate treatment in heated 1M HCl and 
1M aqueous NaOH followed by a final washing with water. CuTAPc was 
obtained by stirring CuTNPc in aqueous solution of sodium sulphide for 5 
hours at 50oC. Subsequently, dark-greenish CuTAPc was also alternately 
treated and washed with 1M HCl, followed by 1M NaOH and finally with 
water. 
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Cyclotetramerization of 4-nitro phthalic anhydride with zinc chloride, 
in the presence of excess urea and a catalytic amount of ammonium 















Zn(OAc)2.2H2O   (i)


















Scheme 3.2 The synthetic scheme of ZnTNPc and ZnTAPc based on 
Reference 61, (i) 190oC, 5 hours, (ii) 60oC, 2 hours. 
  
ZnTNPc was simply filtered and washed with toluene, water, MeOH/ether 
(1:9) and EtOAc/hexane (2:1) under suction. Reduction of ZnTNPc by 
sodium sulphide was performed in DMF, and due to the solubility of 
ZnTNPc in DMF, the reduction required only 2 hours at 60oC, instead of 5 
hours (50oC) when performed in water (see Scheme 3.1). Crude ZnTAPc 
was re-precipitated in water, filtered and purified by Sohxlet washing with 
water. 
 
As there have been no literature reports for the preparation of PtTNPc 
using oil bath heating, efforts were made by modifying the two reported 
protocols47,61 (Scheme 3.1 and 3.2). The metal salts of the procedures 
described in References 47(CuCl2·2H2O) and 61 (ZnCl2) were replaced with 
PtCl2 and PtCl4. Following these procedures, UV-Vis characterization in DMF 
and concentrated H2SO4, rule out the possibility of pure PtTNPc products. 
 
Chapter 3: Results and Discussion 




(i) UV-Vis Spectroscopy 
 
Figure 3.1 shows the UV-Vis spectroscopic data of the copper, zinc 




Figure 3.1 UV-Vis absorption spectrum of MTNPc (A, B and C) and MTAPc 
complexes (D and E) in DMF. *In C, the “PtTNPc” was synthesized from the 
procedure described in Reference 47 using PtCl2 in place of CuSO4.5H2O. 
 
The spectra for the CuTNPc/CuTAPc and ZnTNPc/ZnTAPc 
complexes displayed an intense Q absorption band in the 550-800nm region of 
the visible range and a B band between 300-400nm in the UV region. On the 
contrary, “PtTNPc” prepared by the methods described previously in Section 
3.1.1.A shows extremely weak absorption in the visible region. 
300 400 500 600 700 800 
A - CuTNPc 
B - ZnTNPc 
D - CuTAPc  
*C - “PtTNPc” 
E - ZnTAPc  
Wavelength (nm)  
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Both the Q and B bands are known to arise from π-π* transitions 
originating from the phthalocyanine ligand, and are assigned to the 6eg →2a1u 
transition for the Q-band and the 6eg→4a2u for the B-band6. The λmax values of 
the Q bands for all the copper and zinc complexes are consistent with the data 
presented by Chen et al.62,126 and the MTNPcs have shown a broader and a 
slightly blue-shifted Q-band127 relative to the MTAPcs. Compared to the Zn-
centered analogue (ZnTNPc), CuTNPc displays an anomalous Q-band 
broadening. Further characterization in the latter part of this Section confirms 
that the targeted CuTNPc has been successfully purified. Compared to the 
UV-Vis absorption spectra of CuTNPc reported in concentrated sulphuric 
acid47, the unusual Q-band broadening may be due to the effect of the DMF 
solvent. 
 
A reliable indication of MPc purity8,9 lies in the high absorptivity of the 
Q-band. Figure 3.1C shows a typical absorption spectrum of the impure 
“PtTNPc” samples, with broad and extremely weak absorption between 550-
700nm. In view of this extremely weak Q-band like absorption in the visible 
region, it may be possible that only minimal PtTNPc formation has occurred. 
 
CuTNPc, ZnTNPc and PtTNPc have been reported to be highly 
stable65 in concentrated H2SO4. However, the prepared PtTNPc decomposes 
with the observed colour change from the initial greenish colouration to 
brownish-yellow in seconds. These observations indicated that the “PtTNPc” 
sample prepared by the (phthalic acid/phthalic anhydride)/urea route has failed 
to provide the desired product and not characterized further. In the literature, 
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various substituted platinum phthalocyanines have been prepared from its 
corresponding substituted phthalonitrile128 or diiminoisoindole129-132, but not 
from the (phthalic acid or phthalic anhydride)/urea route. This trend 
corroborates the failure to synthesize and isolate the targeted PtTNPc by the 
(phthalic acid or phthalic anhydride)/urea route.   
 
Scheme 3.3 shows the proposed mechanism133 of MPc formation via 
the phthalic anhydride/urea route. In Equation 1, urea decomposes at high 
temperature producing ammonia as the nitrogen source for the macrocycle 








































Scheme 3.3 Proposed mechanism133 of MPc formation from phthalic 
anhydride/urea route. 
 
As shown in Equation 2, phthalic anhydride converts to diiminoisoindole (that 
was isolated previously64) in several steps, in the presence of ammonia and 
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isocyanic acid (HN=C=O). From the diiminoisoindole, the subsequent 
cyclotetramerization steps leading to macrocycle formation have not been 
mechanistically clear134. 
 
The failure of the phthalic anhydride/urea route to platinum 
phthalocyanine may possibly be due to the strong interaction between the 
nitrogen of urea with Pt2+. The coordination of urea with platinum cation 
through its nitrogen to afford platinum-urea complexes was reported in 1989135 
and in 1993122. As Pt2+ is a soft acid, it is thermodynamically more favourable 
for urea to coordinate via the softer N atoms rather than the O atoms as the 
donor122. Hence, going by the (phthalic acid or phthalic anhydride)/urea route 
with platinum salts may induce heavy side reactions involving platinum 
chlorides and urea leading to minimal phthalocyanine formation, thereby 
explaining the extremely weak absorption likely of Q-band origin in DMF (see 
Figure 3.1). It may be worthwhile to increase the proportion of platinum salt 
in the reaction mixture in order to compete with the “platinum/urea” complex 
formation. Alternatively, it may be more beneficial to begin with 4-nitro 
diiminoisoindole judging from the few successful literature reports129-132 of 
some substituted platinum phthalocyanines.  
 
A 4-nitro phthalonitrile route was adopted in view of Achar’s 
successful account65 on the solvent-free preparation of PtTNPc from PtCl4 and 
4-nitro phthalonitrile in a domestic microwave oven. Initially, the heating of 
solid reaction mixture of PtCl4 and 4-nitro phthalonitrile in an oil-bath had 
been considered, but the different heating profile of the reaction in the oil-bath 
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and in the microwave field cannot be neglected. Based on the solvent-free 
synthesis of unsubstituted MPc as the best example, Burczyk81 demonstrated 
that, the fusion of phthalonitrile and metal chlorides provided purer MPc by 
microwave heating as compared to conventional heating.  
 
Successful synthesis of PtTNPc and PtTAPc by microwave heating 
will be dealt with in a later Section (3.1.2). Meanwhile, further 
characterization by MALDI-TOF mass spectrometry, 1H-NMR and elemental 
analysis will be discussed for the CuTNPc/CuTAPc and ZnTNPc/ZnTAPc 
prepared following the oil-bath heated procedures in References 47 and 61 
respectively. 
 
(ii) MALDI TOF Mass Spectrometry (MS) 
 
Using α-CHCA as the matrix, intense signals due to the molecular 
radical ion ([M+]·) can be identified in the MALDI TOF mass spectra for 
CuTNPc, CuTAPc, ZnTNPc and ZnTAPc which agreed well with the 
MALDI TOF mass spectra of other various MPc derivatives60,62,136-140. 
However, depending on the substituent and metal center, fragmentation, 
adduct formation141,142 and demetallation136 of some other MPc derivatives 
were also reported.   
 
The mass spectra for CuTNPc and ZnTNPc showed discernible 
signals attributed to the photodeoxygenation143 of the aromatic nitro groups 
which ultimately led to the removal of 1 or 2 –NO2 groups. Additional species 
detected corresponded to the loss of ·NO radical (or ·O)144. On the other hand, 
Chapter 3: Results and Discussion 
   45 
 
the mass spectra of CuTAPc and ZnTAPc showed insignificant 
fragmentations (Appendix 1 and 2). As an example, Figure 3.2 shows the 
mass spectrum of ZnTNPc while Table 3.1 is a compilation of the mass 
spectral assignment for the major species in the m/z range of 550 to 1200. 
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Figure 3.2 MALDI TOF MS of ZnTNPc. 
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Table 3.1 MALDI TOF mass spectral data for ZnTNPc 
Observed Species calculated found Intensity (%) 
[M]+· 756.02 756.1 100 
[M−O]+·  740.02 740.05 4 
[M−NO+H+]· 727.02 727.06 12 
[M−NO2]+·  710.03 710.06 19 
[M−2NO2]+·  664.03 664.06 4 
 
The ability of MPc complexes to effectively absorb laser energy (of λ 
355nm), followed by efficient ionization/desorption of the [M+]· species is a 
result of their Soret (B) band absorption between 290 and 450 nm. B 
absorption for MPc materials is attributed to their 6eg → 4a2u π-π* transition. 
Zhang et al.142 recently studied a variety of substituted MPc (M: Al3+, Ga3+ and 
In3+) as novel high molecular weight MALDI TOF matrices. Due to the +3 
oxidation state of these metal centers, small analyte molecules (<500Da) 
coordinated to the metal center at the axial position, giving a stable adduct. In 
MALDI TOF MS, interferences from conventional low molecular weight 
matrices at low m/z region hindered the analysis of molecules with low 
molecular weight. In the case of Zhang’s work, distinct and dominant MPc-
analyte adduct signal could be easily detected in the high m/z region in which 
the m/z value of the adduct is simply the sum of the masses of the MPc matrix 
and analyte. Based on the unique adduct formation between small analyte 
molecules and the novel MPc matrices, Zhang elaborated a novel quantitative 
analytical method of small analyte in MALDI TOF MS. In this work, 
CuTAPc (with a B-band of λmax= 340nm in DMF), provided an intense 
[M+]· signal (Figure 3.3) when analyzed neat. This finding lends support to 
Zhang’s work that MPc are inherently good absorber of UV energy and the 
[M+]· radical cation is well-stabilized by charge delocalization of the 
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phthalocyanine ligand137. In line with current trends, MALDI TOF MS 
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Figure 3.3 MALDI TOF MS of CuTAPc analyzed (A) with α-CHCA matrix, 
(B) as neat sample. [M+]· calculated for C32H20N12Cu, 636.1225; found: 
636.0391(A), 635.0092 (B). 

























































































































































































































Chapter 3: Results and Discussion 
   50 
 
(iii) 1H-NMR   
 
Structural evidences of ZnTNPc and ZnTAPc have been obtained 
primarily by 1H-NMR spectroscopy. In both instances, the spectral data 
obtained agreed well with the data from the literature62,70. On the other hand, 
the 1H-NMR spectra for CuTNPc and CuTAPc were not so useful due to the 
paramagnetic nature of the Cu2+ centre. Figure 3.4 shows the 1H-NMR 
spectrum of ZnTAPc and the peak assignment.  
 
Figure 3.4 1H-NMR of ZnTAPc and the peak assignments of the 4 different 
proton environments. 
 
Due to its D4h symmetry, the inset of Figure 3.4 shows a quarter of the 
ZnTAPc structure indicating 4 different protons. The 2 protons of the -NH2 
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broad singlet at δ6.25ppm, and is a clear indication of complete reduction of -
NO2.  Proton 1 resonates as a doublet at δ8.43ppm with J = 19.5Hz arising 
from an ortho coupling to proton 2. A doublet at δ7.39ppm with J = 6.3Hz is 
assigned to the resonance of proton 4 with a weak meta coupling to proton 2. 
Finally, the doublet of doublet at δ8.93ppm comprises of ortho and meta 
couplings of 2, to 1 and 4 respectively. 
 
(iv) Elemental Analysis 
 
The high purity of CuTNPc and CuTAPc (as a dihydrate47) was 
evident from the excellent EA results (with deviation of +/-0.4%).  
 
Table 3.2 EA results of CuTAPc (.2H2O) before and after prolonged Sohxlet 
washing. 
 
Purification of CuTAPc involves the treatment of crude solid in acid 
and base followed by a final wash with water. For the final wash, the dark 
green solid was triturated in water and then separated from the supernatant by 
centrifugation. Despite several cycles of trituration and centrifugation 
followed by further washing under suction filter, the EA results for CuTAPc 
reflected sulphurous contaminant (Table 3.2). The sulphurous impurity could 
have originated from the sodium sulphide reductant. However, prolonged 




Simple washing by 
water 
After Sohxlet washing 
C 57.18 55.84 57.12 
H 3.6 3.74 3.45 
N 25.01 24.26 24.66 
S 0 1.6 <0.5 
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removed the sulphurous impurity. Table 3.2 shows the matching EA results of 
CuTAPc after Sohxlet washing. These findings imply that impurities in the 
form of small chemical species could have been adsorbed onto the 18-π 
electron aromatic cloud of these MPc complexes. 
 
Elemental analysis is a very basic characterization technique, the 
usefulness of which is governed by a very stringent requirement - the sample 
submitted for analysis needs to be completely dry and highly pure. It is 
important to highlight that highly conjugated MPcs, porphyrins, as well as 
fullerenes may give unacceptable CHN analyses because of their π-electronic 
interaction with the adsorbed solvents145. Other difficulties and explanations 
seen in the literature57,146 are incomplete combustions and formation of 
refractory materials (metal nitrides and carbides) during combustion of the 
metal-containing MPcs. Despite the non-matching EA data for ZnTNPc and 
ZnTAPc shown in Table 3.3, acceptable purity has been established by 1H-
NMR, MALDI-TOF MS, and UV-Vis characterizations. 
 
Table 3.3 EA data for ZnTNPc and ZnTAPc prepared according to the oil-




  Cal’d (%) Found (%) 
ZnTNPc 
C 50.71 47.2 
H 1.6 1.96 
N 22.18 20.36 
ZnTAPc 
C 57.03 51.81 
H 3.59 3.60 
N 24.94 22.23 
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In general, CuTAPc, ZnTAPc and their corresponding MTNPc 
intermediates were synthesized and characterized by MALDI TOF MS, UV-
Vis, 1H-NMR spectroscopy (for the Zn2+ series) and elemental analysis. The 
data obtained are summarized in Table 3.4. The results obtained also indicated 
that the 4-ntrophthalic acid/urea and 4-nitrophthalic anhydride/urea route is 
incompatible for PtTNPc formation. 
 
Table 3.4 Characterization data of MTNPc and MTAPc for M: Cu2+ and Zn2+ 
synthesized according to literature methods by conventional heating. aUV-Vis 
obtained in DMF. b1H-NMR spectra obtained in d6-DMSO. cCuTNPc and 
CuTAPc were prepared following Reference 47. dZnTNPc and ZnTAPc 
were prepared following Reference 61. eThe calculated C, H and N 
percentages was based on MTAPc·2H2O.   
 
 
MALDI MS [M+]· UV-Vis/nma               E A 1H-NMRb 
Cal'd Found Q-Band  Cal’d Found  
CuTNPcc 755.020 755.011 636 
C 50.83 50.37 
- H 1.59 1.8 
N 22.33 22.01 
CuTAPcc,e 635.123 635.049 723 
C 57.18 57.12 
- H 3.6 3.45 
N 25.01 24.66 
ZnTNPcd 755.9838 755.984 687 
C 50.71 47.2 8.69 (dd, 
1H), 8.53(d, 
1H), 8.12 (d, 
1H) 
H 1.6 1.96 
N 22.18 20.36 
ZnTAPcd,e 636.1225 636.214 716 
C 57.03 51.81 8.93 (m, 
1H), 8.43 (d, 
1H), 7.39 (d, 
1H), 6.25 (s, 
2H) 
H 3.59 3.60 
N 24.94 22.23 
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3.1.2 Microwave Heated Synthesis of MTAPc (Cu2+, Zn2+ and 
Pt2+) 
 
In this section, using a Discover SP (CEM) scientific microwave 
reactor, an alternative two-step microwave heated synthesis of MTAPc (M: 
Cu2+, Zn2+ and Pt2+) is described.  In general, identical MALDI TOF MS, UV-
Vis, FT-IR and 1H-NMR data have been obtained for all CuTNPc, CuTAPc, 
ZnTNPc and ZnTAPc prepared by the oil bath heating (literature procedures, 
described in Section 3.1.1) and the microwave heating methods. Discussion of 
the UV-Vis and MALDI TOF MS characterizations would be focusing on the 
successfully-synthesized PtTNPc and PtTAPc. Scheme 3.4 summarizes the 















































Scheme 3.4 Reaction conditions for the solvent-free, microwave heated 
synthesis of MTNPc (M:  Cu2+, Zn2+ & Pt2+) and their subsequent reduction 
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A. Synthesis of MTNPc and MTAPc 
 
A solvent-free reaction between 4-nitro phthalonitrile and an 
appropriate metal salt provided the MTNPc complexes, according to the 
conditions listed in Scheme 3.4.  A number of publications described MTNPc 
formation in a domestic microwave oven65,67,68,147 and have reported the 
reaction parameters in  power ratings (e.g 300W for 2 minutes) that were 
“more or less meaningless” as highlighted by Kappe80. In order to translate the 
reaction conditions performed in a domestic microwave over onto a laboratory 
microwave reactor, several sets of temperature and time have been tested. The 
reaction temperature operative in the Discover SP (CEM) reactor was 
determined by the infrared red (IR) waves emitted off the outer walls of the 
reaction vessel received by an IR sensor at a pre-defined distance80. Though 
such a method of temperature detection may underestimate the true reaction 
temperature148,149, the various characterization results obtained reflected highly 
reproducible sample quality of MTNPc.  
 
In a typical solvent-free MTNPc synthesis experiment, 4-nitro 
phthalonitrile needs to be finely grinded together with the metal salt. The even 
mixing of the two reactants by grinding is a common practice65,67,68,81 to avoid 
hotspot formation. Figure 3.5 shows the typical microwave power and 
temperature profile during the synthesis of CuTNPc. The dynamics of the 
profile reflected three important stages: (i) to (iii). 
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Figure 3.5 Microwave power and temperature profile during the synthesis of 
CuTNPc. 
 
Similar work on the solvent-free microwave heated synthesis of 
unsubstituted MPc (M: Cu2+, Co2+) from metal chlorides and phthalonitrile has 
been reported by Burczyk et al. in 200581. In this work, the solvent-free fusion 
of 4-nitro phthalonitrile and metal salts displayed largely similar dynamics of 
the microwave power and temperature to that in Burczyk’s publication. In (i), 
a moderately slow rate of increase in temperature of the solid reactants within 
the first 2.5 minutes could be attributed to the weak absorption of microwave 
radiation by the hydrated copper salt81,124. A sharp temperature rise from 100oC 
to 165oC can be seen at 2.5 minutes during stage (ii), due to the formation of 
the 4-nitro phthalonitrile melt81 (m.p = 142-144 °C) that led to an efficient 
absorption of microwave energy. Finally, between 2.5 to 6 minutes of the 






































Chapter 3: Results and Discussion 
   57 
 
180oC as seen in stage (iii), after which the CuTNPc intermediate cools down 
naturally.  
 
Microwave heated reduction of MTNPc into MTAPc performed in a 
laboratory reactor is reported for the first time. The newly derived reduction 
condition of 90oC and 15 minutes in the microwave reactor was adapted from 
the existing oil-bath heated procedure described by Alzeer61. Alzeer reported 
that ZnTAPc the complete reduction of ZnTNPc by sodium sulphide in DMF, 
at 60oC for 2 hours. The basis for the implemented change in the reaction 
temperature and time was the Arrhenius Equation, from which it states that the 
reaction rate doubles for every 10oC increase in temperature. 1H-NMR spectral 
data confirms the complete reduction of ZnTNPc. Successful reduction of 
PtTNPc and CuTNPc following the newly-derived reduction condition 




(i) UV-Vis Spectroscopy 
 
The impure “PtTNPc” samples prepared by the modified oil-bath 
heating procedures adopted from the literature (described in Section 3.1.1) and 
those from the microwave heating method (described in this Section) were 
compared in terms of their UV-Vis spectra, as an approximate gauge of the 
sample purity. As seen in Figure 3.6, microwave-synthesized PtTNPc (B) 
displayed a relatively intense and well-defined Q-band compared to that 
synthesized by modified literature methods (A). In addition, both CuTNPc 
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and the microwave-synthesized PtTNPc displayed a broad absorption on the 
visible region. The UV-Vis spectral data obtained suggested the much higher 
efficacy of obtaining PtTNPc through a phthalonitrile precursor rather than 
via a (phthalic anhydride/phthalic acid)/urea route.  
 
  
Figure 3.6 UV-Vis spectra of (A) the “PtTNPc“ prepared by oil bath heating 
according to the procedures described in Section 3.1.1, (B) PtTNPc and (C) 
CuTNPc prepared by the solvent-free microwave heating method described in 
Section 3.1.2. Sample concentration was ~1µM in DMF. 
 
The reduction of PtTNPc afforded a dark greenish solid that was 
highly soluble in DMF, DMSO and stable in concentrated sulphuric acid. In 
Figure 3.7, the first evidence for PtTAPc can be seen from its UV-Vis 
absorption spectrum that is overlaid on the same axes with the spectra of 
CuTAPc and ZnTAPc. It is clear that PtTAPc has a similar UV-Vis profile to 
CuTAPc and ZnTAPc with a slightly blue-shifted Q-band absorption.  
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Figure 3.7 Normalized UV-Vis spectra of MTAPcs in DMF. 
 
(ii) MALDI TOF MS 
 
The mass spectrum of PtTNPc showed fragmentations that proves the 
presence of the peripheral nitro groups and suggested a rare case of adduct 
formation with a hydroxyl (·OH) radical. On the contrary, the [M+]· species of 
PtTAPc dominated the mass spectrum with insignificant fragmentations. 
 
Figure 3.8 shows the [M+]· species of the PtTNPc intermediate 
(calculated: 887.05489, found: 886.9318) in 23% relative to the base peak of 
903.9324 (100%). The base peak corresponds to the value of M+17, where M 
is the molecular weight of PtTNPc. In positive mode chemical ionization (CI), 
electrospray ionization (ESI) and MALDI TOF MS, common adduct ions seen 
are [M+NH4]+ (+18), [M+Na]+ (+23), [M+K]+ (+39) or [M+CH3CN+H] 
+(+42,) and the observation of an adduct ion accounting for +17 mass unit is 
rare. The formation of adduct between PtTNPc and a hydroxyl (·OH) radical 
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could be a possible source of ·OH, induced by the decomposition of the matrix 
during laser irradiation150. Possible alternative sources of ·OH stems from the 
photosensitizing effects of platinum phthalocyanines. During laser pulse 
excitation, the excited triplet state of platinum complex can interact with 
ground state molecular oxygen generating superoxide and other radicals that 
includes ·OH, ·O2−, ·HO2)151 which in this case, only the ·OH participated in 
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Figure 3.8 MALDI TOF mass spectrum of PtTNPc 
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Table 3.5 MALDI TOF mass spectral data for PtTNPc 
Observed Species calculated found Intensity (%) 
[M+]· 887.1 887.0 23 
[M ++OH] · 904.1 903.9 100 
[M−NO+H+]·  858.1 857.9 25 
[M−NO+H++OH]· 875.1 875.9 8 
[M−NO2+]·  841.1 840.9 12 
 
Table 3.5 summarizes the mass spectral assignment for the major 
species detected in the mass spectrum of PtTNPc (Figure 3.8) in the m/z 
range of 550 to 1200. 
 
After the reduction of PtTNPc, strong evidence for PtTAPc can be 
seen from its mass spectrum in Figure 3.9, showing a clear and dominant 
[M+]· signal. The experimental m/z value for the [M+]· species of PtTAPc is 
766.9960, which agrees well with the calculated value (based on C32H20N12Pt) 
of 767.15.   
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Figure 3.9 MALDI TOF mass spectrum of PtTAPc showing a clear and 
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(iii) 1H-NMR Spectroscopy 
 
The 1H-NMR spectrum of PtTAPc obtained in d6-DMSO (Figure 
3.10B) provided evidence of its proposed structure. The spectrum showed 4 
different proton environments similar to what was observed for ZnTAPc 
(Figure 3.10A), but with a less distinct splitting pattern. The 4 sets of protons 
were in the ratio of 1:1:1:2. Compared to ZnTAPc, the less distinct splitting 
pattern for PtTAPc could be explained by the higher tendency for Pt-centered 
MPc to aggregate132, which may possibly result in intermolecular coupling of 
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Figure 3.10 1H-NMR spectrum of (A) ZnTAPc and (B) PtTAPc in d6-DMSO. 
Chemical shifts of 4 different sets of protons are seen for PtTAPc with 
integration ratio of 1:1:1:2, and with less distinct splitting patterns compared 
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(iv) Elemental Analysis 
 
Although the EA results for ZnTNPc/ZnTAPc and PtTNPc/PtTAPc 
do not agree well with calculated values (Table 3.6), an acceptable level of 
purity has been confirmed by their UV-Vis absorption, 1H-NMR  and MALDI 
TOF MS data. It is important to re-iterate that highly conjugated MPc, 
porphyrins, as well as fullerenes may give unacceptable CHN analyses 
because of their π-electronic interaction with the adsorbed solvents, 
incomplete combustions and formation of refractory materials i.e. metal 
nitrides and carbides during combustion of the metal-containing MPc57,145.  
 
Table 3.6  EA data for ZnTNPc/ZnTAPc and PtTNPc/PtTAPc prepared by 
the microwave heating method.  
 
  Cal’d Found 
ZnTNPc 
C 50.71 47.35 
H 1.6 2.02 
N 22.18 21.28 
ZnTAPc 
C 57.03 54.94 
H 3.59 3.33 
N 24.94 22.97 
PtTNPc 
C 43.3 40.65 
H 1.36 1.6 
N 18.94 16.92 
PtTAPc 
C 50.07 46.13 
H 2.63 3.07 
N 21.89 18.65 
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The characterization data for all microwave-synthesized complexes are 
summarized in Table 3.7. Diamagnetic complexes such as ZnTNPc, ZnTAPc 
and PtTAPc have been characterized by 1H-NMR spectroscopy in d6-DMSO. 
On the other hand, PtTNPc did not provide any good 1H-NMR spectral data. 
The molecular radical cation signal ([M+]·) was dominant in the mass spectra 
for all compounds except for PtTNPc which could likely be due to a hydroxyl 
radical adduct (see Section 3.1.2B(ii)). UV-Vis spectral data of the copper and 
zinc complexes were consistent with literature values47,62. The EA results of 
CuTNPc and CuTAPc were compatible (+/-0.4%) with theoretical values, but 
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Table 3.7 Characterization of MTNPc and MTAPc (M: Cu2+, Zn2+ & Pt2+) 
products prepared by microwave heating. aUV-Vis obtained in DMF. 
b[M+]· detected in 23%, relative to the base peak of [M ++OH]· cAll 1H-NMR 
performed in d6-DMSO except for ZnTNPc, which was done in d6-
acetone.dNo visible proton signals were detected. 
  
MALDI MS [M+]· UV-Vis/nma       E A/% 1H-NMRc 
Cal'd Found Q-Band  Cal’d Found 
CuTNPc 755.020 754.943 636 
C 50.83 50.48 
- H 1.59 1.6 
N 22.33 21.84 
CuTAPc 635.123 635.029 723 
C 57.18 57.14 
- H 3.6 3.46 
N 25.01 24.36 
ZnTNPc 755.984 756.020 687 
C 50.71 47.35 
8.69 (dd, 1H), 
8.53 (d, 1H), 
8.12  (d, 1H)  
H 1.6 2.02 
N 22.18 21.28 
ZnTAPc 636.123 636.214 716 
C 57.03 54.94 
8.93 (m, 1H), 
8.43 (d, 1H), 
7.39 (d, 1H), 
6.25  (s, 2H)  
H 3.59 3.33 
N 24.94 22.97 
PtTNPc 887.055 b886.932 610 
C 43.3 40.65 
d H 1.36 1.6 
N 18.94 16.92 
PtTAPc 767.158 766.996 707 
C 50.07 46.13 
8.79 (s, 1H), 
8.29 (s, 1H), 
7.39 (s, 1H), 
6.32  (s,  2H) 
H 2.63 3.07 
N 21.89 18.65 
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3.1.3 Microwave versus Conventional Heating: CuTNPc, 
CuTAPc, ZnTNPc and ZnTAPc. 
 
MTNPc and MTAPc complexes have been successfully prepared by 
both conventional oil-bath and microwave heating protocols. CuTNPc, 
CuTAPc, ZnTNPc and CuTAPc synthesized by both approaches were 
compared in terms of yield, reaction time and characterization data. No 
significant differences can be detected from their MALDI TOF, UV-Vis and 
1H-NMR spectral data. For CuTNPc and CuTAPc, high purity was confirmed 
for both sets of products from their EA results (Table 3.8). On the other hand, 
the EA results of ZnTNPc and ZnTAPc from conventional synthesis deviated 
from the theoretical values while purer ZnTAPc was prepared in a microwave 
oven. 
 
Table 3.8 Comparison of EA result, OB: Oil Bath; MW: Microwave 
 
 EA/% 
Cal'd Found (OB) Found (MW) 
CuTNPc 
50.83 50.37 50.48 
1.59 1.8 1.6 
22.33 22.01 21.84 
 57.18 57.12 57.14 
CuTAPc 3.6 3.45 3.46 
 25.01 24.66 24.36 
ZnTNPc 
50.71 47.2 47.35 
1.6 1.96 2.02 
22.18 20.36 21.28 
ZnTAPc 
57.03 51.81 54.94 
3.59 3.6 3.33 
24.94 22.33 22.97 
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The solvent-free microwave heating protocol offers significant rate 
enhancement compared to conventional synthesis done through oil bath 
heating. In general, the time taken for MTNPc synthesis was shortened from 
4-5 hours to 3-6 minutes. The drastic reduction in reaction time can be 
attributed mainly to the solvent-free nature of the reaction. Done in this 
manner, the reactants are at maximal concentration and in intimate contact. It 
is also equally important to note that under microwave heating, the reaction 
mixture can be heated up rapidly “from within” due to efficient absorption of 
microwave energy by the melt of 4-nitro phthalonitrile mixed with metal 
chlorides. The rapid heating has been exemplified earlier in Figure 3.5(ii), that 
shows the heating profile of the solvent-free formation of CuTNPc. The 
solvent-free melt of 4-nitro phthalonitrile mixed with metal chlorides 
undergone a sharp temperature rise from 100 to 165oC within seconds. In 
principle, such rapid heating profile should also contribute to reduction of 
reaction time. The reduction of MTNPc in DMF was significantly shortened 
from 2 hours (60oC in the oil bath61) to 15 minutes (90oC in the microwave 
reactor), and the reaction rate enhancement may be explained by purely 
thermal effects through Arrhenius’ Law.  
 
Both product yield of MTNPc and MTAPc were significantly 
improved for the microwave-heated reactions, which may be explained by the 
rapid attainment of the desired reaction temperature. The overall MTAPc yield 
(calculated based on the metal salts) of the microwave products was 68%-77%, 
which is significantly higher than the 42-49% achieved for the oil-bath 
products. Comparatively slow heating by conduction and convection in an oil-
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bath may have led to higher side product formation at lower temperatures 
depending on the chemistry involved. As an example, this temperature-
dependent product selectivity can be seen in the alkylation of 1,2,4-triazole 
with 2,2’,4’-trichloroacetophenone that gave a single end-product under rapid 
heating to high temperature in the microwave whereas slower heating profile 
in an oil bath heating led to a mixture of products149. On the other hand, the 
difference in yields of MTNPc and MTAPc may also be due to differing 
chemistry and work-up procedures employed in the oil bath and microwave 
heated syntheses. The easy-to-perform two-step microwave heated synthesis 
of MTAPc involved fewer transfer procedures that minimized manipulative 
losses. 
 
Compared to the oil bath heating method based on established 
literature procedure, the microwave heating method was much faster, easier to 
perform and required less tedious workup. The microwave-heated products 
were comparable in terms of purity to the oil-bath heated products. Identical 
spectral data for CuTNPc, CuTAPc, ZnTNPc and CuTAPc were obtained 
from the various characterization methods. Clearly, the newly derived reaction 
conditions of the two-step microwave synthesis of MTAPc described in this 
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3.2 Electrochemical NO sensing by Nafion-coated 
Electropolymerized Poly-MTAPc modified GCE.  
 
As mentioned earlier, few authors44-46 have reported on the use of 
electropolymerized MTAPc modified electrodes for NO detection. The 
MTAPcs studied have been limited to those with metal centres of Cu2+, Ni2+ or 
Co2+. This study aims to analyze and compare three different MTAPcs with 
Cu2+, Zn2+ and the elusive Pt2+ as the metal centers.  
 
CuTAPc, ZnTAPc and PtTAPc were prepared according to the 
microwave heated procedures described in Section 3.1.2. The 
electropolymerization of PtTAPc by cyclic voltammetry have not been 
reported so far, and will be described in Section 3.2.1. Section 3.2.2 describes 
a stable electrocatalyst of NO oxidation based on the electropolymerized films 
of PtTAPc on GCE. Section 3.2.3 deals with the differences in the sensitivity, 
linear ranges and detection limit of the electrochemical NO sensors based on a 
Nafion-coated electropolymerized MTAPc modified GCE (0.07cm2).  
 
3.2.1 Electropolymerization of MTAPc through Cyclic 
Voltammetry             
 
A thin film of poly-MTAPc coats the GCE surface, after subjecting the 
GCE to 40 CV cycles in DMSO containing 1mM MTAPc monomer and 0.1M 
TBAP between -0.2 to +0.9V at 100mV/s. The electropolymerized MTAPc 
modified GCE is denoted as poly-MTAPc/GCE. A GCE substrate was 
selected because of its excellent mechanical and electrical properties, wide 
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potential window, chemical inertness (solvent resistance), and relatively 
reproducible performance93. Due to the total insolubility of the deposited 
polymer film, classical characterization techniques for polymers such as 
the measurement for average chain length, dispersion, crystallinity were 
hindered152.  
 
Using the electropolymerization of PtTAPc as the example, the 
irreversible oxidation wave between 0.7 and 0.85V (I) reversible redox wave 
between 0.4 and 0.45V (II and II’) seen in the first scan (Figure 3.11) could 
be attributed to the single electron oxidation of the amine substituent (-NH2) 
that initiated the polymerization and the single electron process of the 
phthalocyanine ligand153.  














E vs Ag/AgCl (V)
 
Figure 3.11 Cyclic Voltammograms obtained at GCE in DMSO solution of 
1mM PtTAPc containing 0.1M TBAP at scan rate of 100 mV/s. GCE area = 
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E vs Ag/AgCl (V)
 
Figure 3.12 Cyclic Voltammograms obtained at GCE in DMSO solution of 
1mM PtTAPc containing 0.1M TBAP at scan rate of 100 mV/s. GCE area = 
0.07cm2. 18 scans are shown. 
 
 
Following the first scan (Figure 3.11), the set of signals (I, II and II’) 
diminished and were concomitantly replaced by a quasi-reversible redox wave 
with a potential of 0.55V for the forward anodic scan – III and 0.35V for the 
reverse cathodic scan – III’ (Figure 3.12). The CV profile obtained for the 
electropolymerization of PtTAPc have been largely similar to those for 
CuTAPc26,154 and ZnTAPc155. The gradual increase in both anodic and 
cathodic currents was attributed to the addition of new MTAPc from the 
solution onto the existing polymer on the GCE surface156. Apart from the 
charge transport involved in the oxidation/reduction of existing polymer film, 
MTAPc cross-linking reaction also added to the total current157. The 
III 
III’ 
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observations obtained strongly suggested that the novel PtTAPc undergone 
oxidative electropolymerization giving rise to an electroactive polymer on the 
electrode surface. 
 
3.2.2 DPV response of Nafion/poly-PtTAPc/GCE to NO 
oxidation 





















E vs Ag/AgCl (V)
(C)
 
Figure 3.13 DPV responses of (A) un-modified GCE, blank, (B) un-modified 
GCE, 2μM of NO, (C) poly-PtTAPc/ GCE, 2μM of NO, and (D) Nafion/ 
poly-PtTAPc/GCE, 2μM of NO. 
 
Electrocatalytic activity of the poly-MTAPc/GCE towards NO 
oxidation was confirmed by comparing its DPV current response to that of a 
bare GCE in PBS (pH7.4) containing 2μM of NO. Poly-PtTAPc/GCE showed 
a well-defined current response peak at 0.75V in Figure 3.13C. On the other 
hand, the response of the bare GCE exhibited a barely detectable signal 
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(Figure 3.13B), on the same scale.  Figure 3.13A represented the response of 
the bare GCE in blank PBS. 
 
In aqueous medium, NO readily undergoes a one electron oxidation87 
into NO2- due to its high reactivity with oxygen. The oxidation potential of 
NO2- typically equals to or 60-80mV higher89,90,99,117,158 than that of NO and 
hence becomes a major interferent in the electro-oxidation of NO. An 
additional coating of perfluorinated Nafion over the electrochemical NO 
sensor is a well-accepted strategy44,45,88,89 to impart selectivity against anionic 
NO2-. Nafion, an anionic perfluorinated polymer bearing sulfonate groups (-
SO3-)159, effectively repels negatively charged interferents such as NO2-. In 
order to ensure accurate results, an extra layer of Nafion was coated over the 
electroactive poly-MTAPc layer, and the entire sensor is denoted as 
Nafion/poly-MTAPc/GCE. 
 
Figure 3.13D shows the DPV current response of Nafion/poly-
PtTAPc/GCE to 2μM of NO which strongly indicated the extra Nafion 
coating introduced a diffusion barrier for NO, characterized by a suppressed 
sensitivity, a slight positive shift in the NO oxidation potential to 0.76V (from 
0.75V) agreeable with previous results89,117,160. Similar electrocatalytic effects 
towards NO oxidation have also been confirmed for ZnTAPc and CuTAPc 
(results not shown), with all complexes displaying the identical NO oxidation 
potential of 0.76V after the Nafion coating. 
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3.2.3 Nafion/poly-MTAPc/GCE as Electrochemical NO Sensor 
 
Because of the extreme reactivity of NO, calibration of Nafion/poly-
MTAPc/GCE was performed on a “range-by-range” basis. The study by Lewis 
has confirmed that the aerobic oxidation of NO into NO2-, was second order 
with respect to NO and first order to O2 in aqueous medium161. In order to 
minimize the experimental duration and the inadvertent interference from 
atmospheric O2, calibration of the electrodes was done in separate ranges. 
Nafion/poly-MTAPc/GCE was first calibrated in the range of 1-10µM by 
DPV in part A. For the range of 0.1-1.0µM, high electrochemical noise 
rendered DPV inappropriate, and calibration was performed by DPA, in part B. 
The Nafion/poly-MTAPc/GCE displayed a detection limit of 0.1 µM based on 
S/N ratio of 3 for the three MTAPcs. Finally, part C deals with the overview 
and discussion on the differences in the sensitivity and linear ranges of the 
three MTAPcs.  
 
A. DPV Analysis - NO concentration of 1 to 10µM  
 
Figure 3.14A shows the differential pulse voltammogram of 
Nafion/poly-PtTAPc/GCE between 1 to 10µM of NO. A sensitivity of 
0.1μA/μM was determined from the slope of the linear calibration plot with a 
linear regression value of 0.981 (Figure 3.14B). Corresponding differential 
pulse voltammogram and calibration plot for the GCE modified by CuTAPc 
and ZnTAPc can be found in the Appendix 15 and 16.  
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Figure 3.14 (A) DPV response of Nafion/poly-PtTAPc/GCE in PBS (pH7.4), 
with NO concentration of 1-10μM (baseline corrected, disk shaped electrode 
area of 0.07cm2) (B) Linear calibration plot of anodic peak current against NO 
concentration. 
 
B. DPA Analysis - NO concentration of 0.1 to 1µM 
 
The DPV sensor based on Nafion/poly-MTAPc/GCE showed poor 
correlation between the anodic peak current and NO concentration due to high 
background noise at the concentration range of 0.1 to 1.0μM. In DPV, a range 
Ip ( μA) = 0.1001 [NO](μM) + 0.1576 














[NO] / μM 
(A) 
(B) 
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of potentials (from 0.5 to 0.9V) is passed through the electrode to allow for 
NO to be oxidized at the electrode. DPA, on the other hand, works by rapidly 
switching between two set of potentials (the optimal potential of the NO 
oxidation) and measuring the current difference162. A DPA calibration method 
can eliminate baseline drift and thus increases its sensitivity. Therefore, DPA 
was used to calibrate Nafion/poly-MTAPc/GCE for NO concentration range 
of 0.1 to 1.0μM. 
 
DPA measurements were performed by ten successive additions of NO 
stock solution every 50 seconds which increased the NO concentration by 
0.1μM each time. Figure 3.15A shows the staircase-shaped dynamic current 
response of Nafion/poly-PtTAPc/GCE. The corresponding linear DPA 
calibration plot indicated a sensitivity of 0.450μA/μM (Figure 3.15B). 
Corresponding DPA and linear calibration plots for CuTAPc and ZnTAPc 
can be found in the Appendix 18 and 19. Based on the DPA method of sensor 
calibration, the NO detection limit for Nafion/poly-MTAPc/GCE was 0.1μM, 
regardless of the identity of the metal center. 
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Figure 3.15 (A) DPA measurements of Nafion/poly-PtTAPc/GCE in PBS 
(pH7.4) with successive additions of NO with concentration ranged from 0.1 
to 1.0 μM (disk shaped electrode area of 0.07cm2).  (B) Corresponding linear 
DPA calibration plot indicating sensitivity of 0.450μA/μM. 
 
C. Influence of the Metal Centers for Nafion/poly-MTAPc/GCE. 
 
Table 3.9 summarizes data on the sensitivities and linear ranges of the 
DPV and DPA sensors based on Nafion/poly-MTAPc/GCE with three 
different MTAPcs: CuTAPc, ZnTAPc and PtTAPc.  
 
Ip ( μA) = 0.4496 [NO](μM) + 0.037     














[NO] / μM 
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(B) 
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Table 3.9 Summary of the sensitivities of Nafion/poly-MTAPc/GCE in PBS 
(pH7.4). GCE area = 0.07cm2. *Mean value based on 3 attempts, which 
involves the re-preparation of the Nafion/poly-MTAPc/GCE. 
M 
 
DPV sensitivity (μA/μM) DPA sensitivity (μA/μM) 
1-10μM R2 0.1-1μM R2 
Pt (d8) 0.1000 0.981 0.569 (±0.113)* 0.998 
Cu (d9) 
1-3 μM: 0.127 




Zn (d10) 0.0026(± 0.002)* 0.993 0.250 (±0.050)* 0.995 
 
Based on the DPV calibration of Nafion/poly-MTAPc/GCE for the NO 
concentration range of 1-10μM, major changes to the sensitivity and linear 
ranges can be traced to the different metal centers of the poly-MTAPc film.  I-
III below describe the changes in detail. 
 
I. For the CuTAPc modified GCE, a sensitivity drop from 0.127μA/μM to 
0.0193μA/μM can be seen when the NO concentration increases from 3 to 
10μM, with higher sensitivity in the former range (see Table 3.9 and 
Appendix). Alternatively, this sensor can be seen as having two separate 
linear ranges.  
 
II. Unlike CuTAPc, DPV calibration plots of the PtTAPc and ZnTAPc 
modified GCE retained their linearity between 1-10μM concentration of 
NO.  
 
Chapter 3: Results and Discussion 
   82 
 
III. ZnTAPc showed the poorest sensitivity (0.0206±0.002μA/μM), based on 
3 attempts; the sensitivity was ~38 times lower than those for PtTAPc and 
CuTAPc (first linear range). 
 
The DPA calibration of Nafion/poly-MTAPc/GCE in the sub-micromolar NO 
level of 0.1-1.0μM led to observation IV below. 
 
IV. The sensitivities and linear ranges were independent of the three MTAPcs. 
 
Before explaining I-IV in details, it would be beneficial to first 
examine the catalytic NO oxidation mechanism. The following revised 
mechanism was adapted from the earlier works of Bedioui et al. in 200397 and 
Jin et al. in 199945. 
 
poly-MTAPc - e− →  poly-MTAPc+ …………………………….………... (1) 
poly-MTAPc
+ + NO ↔ ��poly-MTAPc�𝛿−(NO)𝛿+�+…………………... (2) 
��poly-MTAPc�
𝛿−(NO)𝛿+�+   →   poly-MTAPc+ + NO+ + e−………..… (3) 
 
Equation (1) represents the oxidized state of the poly-MTAPc film. When the 
sensor electrode reaches a sufficiently positive potential, the small NO 
molecule that passes through the Nafion coating, takes part in adduct 
formation with the MTAPc unit. Adduct formation between NO and the 
MTAPc involving a partial charge transfer from NO is represented by 
Equation (2)  In Equation (3), the resultant adduct, [(poly-MTAPc)δ-(NO)δ+]+ 
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could be further oxidized, liberating NO+ and giving rise to an anodic current 
that is proportional to the concentration of NO present.  
 
The adduct formation between NO and the MTAPc unit described in 
Equation (2) could be crucial in explaining the influence of the metal centres 
on the sensor performances summarized in Table 3.9. Theoretical calculations 
have supported that the adsorbed NO assumes various orientations and 
effectuates various degrees of change in geometric and electronic structures of 
the MPc host123,163, which are dictated by the nature of the metal centre. 
Similarly, other calculations have also indicated that the HOMO of 
unsubstituted MPc complexes with M: Co, Fe and Cu possess significant 
metal 3d-like characteristics, whereas for M: Ni and Zn, the HOMO is 
localized on the phthalocyanine ring164. The mechanisms for the chemisorption 
of NO onto the MTAPc unit should be carefully noted as they pose significant 
implications in chemical sensor design employing MPc systems123. 
 
Observation I possibly implies “poisoning” of the poly-CuTAPc layer 
by surface-adsorbed NO at higher NO concentrations (of 3-10µM). A similar 
drop in sensitivity at higher NO level has also been observed for the “poly-
CuTAPc nanotube modified electrode” reported by Gu et al.117. In another 
study by Nyokong and co-workers, an electrochemical NO sensor based on a 
FePc-modified electrode displayed surface fouling of the electroactive FePc 
layer by NO that led to poor stability of the sensor electrode102. NO is known 
to bind strongly to FePc in a step involving a Fe3+ metal center97, which is 
attributed to the vacant dz2 orbital (which is of a higher energy level than the 
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HOMO of the phthalocyanine ligand123). Since the HOMO in CuPc can be 
considered to be slightly metal 3d-like164, a quasi-irreversible complex 
formation between NO and the CuTAPc unit at higher NO concentration 
could possibly deplete the total electro-active surface resulting in reduced 
sensitivity of the poly-CuTAPc film.  
 
Unlike CuTAPc, there was no “induced poisoning” of the surface as 
the NO concentration went above 3µM for PtTAPc and ZnTAPc leading to 
observation II. The Fermi level of PtPc and ZnPc had been confirmed to be 
devoid of any d-orbital contributions and were purely those of phthalocyanine 
ring’s π-system164,165 – this  possibly discounted any irreversible metal-
associated NO adsorption.  
 
With regards to observation III, compared to CuTAPc (first linear 
range between NO concentration of 1-3µM) and PtTAPc, the weak sensitivity 
of ZnTAPc implied the importance of the energy level and occupancy of the 
metal centre’s d-orbitals. Theoretical calculations have confirmed that the 
fully-occupied 3d subshells of ZnPc are highly stable and their energy levels 
are deep below the HOMO164 of the phthalocyanine ligand. The fully-occupied 
3d orbitals of ZnTAPc most probably do not contribute towards the adduct 
formation of [(poly-ZnTAPc)δ-(NO)δ+]+ described by Equation 2.  
 
The mechanism of NO oxidation catalyzed by MPc complexes is likely 
to involve a mix of metal-based and ligand-based redox processes, with lower 
contribution from the former. When transiting from the analytical NO 
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concentration range of 1-10µM to 0.1-1.0µM (i.e. an order’s reduction in 
magnitude), the influence exerted by the d-orbitals from the three metal 
centres weakens, suggesting the basis for observation IV. This indicated that 
the electro-oxidation of NO at sub-micromolar levels was dominated by the 
ligand-based redox process for the three MTAPcs. Therefore, DPA sensors 
based on Nafion/poly-MTAPc/GCE with three different MTAPcs: CuTAPc, 
ZnTAPc and PtTAPc displayed similar sensitivities and linear ranges at the 
lower NO concentration range of 0.1-1.0µM.  
 
The results in this study have provided further insight from prior 
investigations of the influence of the metal centres on the electrocatalytic 
activity of MPc complexes. Stable electrocatalytic NO sensing capability of 
electropolymerized thin film of ZnTAPc and the elusive PtTAPc have also 
been confirmed for the first time. As in previous reports45,97, the sensitivity of 
electropolymerized MTAPc complexes (M: Cu2+, Pt2+ and Zn2+) was also 
found to be weakly dependent on the nature of the metal centre at sub-
micromolar NO level. At higher NO concentration level (1-10µM), 
Nafion/poly-MTAPc/GCE displayed significant changes in the linear ranges 
and sensitivities depending on the metal centers of the MTAPc. Ligand-based 
redox processes may likely dominate at submicromolar NO levels. Meanwhile, 
metal-based redox reactions of the poly-MTAPc film exerted greater 
contribution only under higher NO concentrations, as indicated by 
observations I to III.  
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Using NO as the analyte/adsorbate, the results obtained have added a 
new perspective to the relationship between the metal centers of MPc 
complexes to their corresponding electrocatalytic activity. In 2008, De Wael et 
al. investigated the electrocatalytic oxidation of anionic OH- using 
electropolymerized tetra-sulfonated metallophthalocyanine (MTSPc) of M: 
Mn2+, Fe2+, Co2+ and Cu2+, immobilized on gold electrodes107. The Co 
complexes showed the highest activity while the Cu analogue showed no 
catalytic effects. The authors remarked that the coordination preference of the 
central metal ion, the number of d electrons, the energy of orbitals, the 
strength of the bonding between the central metal ion and the nature of the 
analyte/adsorbate were important parameters to consider. The authors 
experimentally showed that metal-based redox processes of the poly-MTSPc 
mediated the electrocatalytic oxidation of OH- anion. On the other hand, the 
results summarized in Table 3.9 implied that electro-oxidation of NO 
mediated by poly-MTAPc have been catalyzed by ligand-based redox 
processes of the poly-MTAPc, with diminishing contribution from the metal 
centers, especially at submicromolar analyte level. The work described in 
Section 3.2 can be considered as a valid extension of De Wael’s work with 
NO as the analyte, albeit the difference in the electroactive MPc polymer used 
(poly-MTAPc in this work and poly-MTSPc in theirs). Further work is needed 
to evaluate the electrocatalytic activity of poly-MTAPc bearing other 
transition metals from the first row (e.g. Mn, Fe or Co) and from other periods. 
First principle calculations will also be employed to validate sensor data 
obtained so far. 
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3.3 Nafion-coated Poly-MTAPc Nanotube modified 
Porous Electrode ─  Improved Sensor Performance 
 
As outlined in the Introduction, electropolymerized MTAPc typically 
takes the form of a thin film immobilized on electrode surface, and the number 
of electroactive sites varies proportionately with the geometric area of the 
electrode. It was anticipated that creating nanostructured arrays of the poly-
MTAPc modification material is a powerful strategy for improving sensitivity 
and detection limit through the provision of greater electroactive area. To 
experimentally evaluate the efficacy of this general approach, a novel 
MTAPc-nanotube modified porous electrode was fabricated by an AAO-
templated technique118. In Section 3.2, DPA sensors based on Nafion/poly-
MTAPc/GCE demonstrated a limit of detection of 0.1 μM. In this section, 
Nafion-coated poly-MTAPc nanotube modified porous electrode, denoted as 
Nafion/poly-MTAPc nanotube/AAO/Pt, displayed ~20times enhanced 
sensitivity and a lowered limit of detection down to 10nM of NO. 
 
3.3.1 Fabrication and Morphology of poly-MTAPc-
nanotube/AAO/Pt modified electrode.  
 
As described earlier, 200nm of Pt sputtered onto the “filtration surface” 
of commercially-obtained AAO membrane filter (Anodisc 25, from Whatman 
Co.) provided the AAO/Pt template. The conductive Pt base layer acted as the 
working electrode during MTAPc electropolymerization and the nanoporous 
AAO acts as the mould for the one dimensional anisotropic growth of the 
poly-MTAPc. The “filtration surface” has been defined by the manufacturer as 
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the side of the disk-shaped AAO filters that faces upwards upon opening a 
fresh pack. The FE-SEM image of the filtration surface was shown in Figure 
3.16A and the opposite face in Figure 3.16B. Between the 2 surfaces, the 
“filtration surface” clearly showed a more densely-packed array of pores 
between 150-220nm. Hence, this surface was judiciously coated by Pt to 
ensure maximal density of the anticipated poly-MTAPc nanostructures. In 
order to allow contact of the MTAPc monomer solution with the Pt layer only 
via the nano-sized pores of the AAO, the AAO/Pt template was subsequently 
insulated by masking tape, over the Pt layer. The AAO/Pt is schematically 
represented by Figure 3.17A. 
 
The morphology of the sputtered Pt base layer was investigated by FE-
SEM after dissolution of the AAO template by 0.1M NaOH. The SEM image 
shown in Figure 3.17B indicated that a small amount of platinum has been 
sputtered onto the inner wall of channels and then partially taking the shape of 
the individual pore. As a result, an array of closely-packed, well-defined 
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Figure 3.16 SEM images of (A) the “filtration surface” and (B) the opposite 
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Figure 3.17 (A) Schematics of the AAO/Pt (B) SEM image of the semi 
annular Pt layer after template dissolution by 0.1M NaOH. 
 
By cycling the potential of the AAO/Pt assembly between -0.2 to 
+0.9V at a rate of 100mV/s in DMSO containing 0.1mM MTAPc monomer 
and 0.1M TBAP, poly-MTAPc nanotubes formed within the nano-sized pores 
of the AAO. The choice of the monomer concentration, scan rate and number 
of CV scans was adapted from previous findings118. The AAO/Pt was 
immersed in the MTAPc solution for 30 minutes to allow complete infiltration 
of the nano-sized channels118,166 prior to the cyclic voltammetric 
electropolymerization. After drying, the immersed portion of the AAO/Pt 
showed a colour change from bluish to a faint greenish colouration, which was 
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SEM image of the resultant poly-PtTAPc nanotube array immobilized on the 
annular-shaped Pt layer after template dissolution by 0.1M NaOH. The 
nanotubes showed an average length of about 1µM clustered together due to 
the surface tension effects of the evaporating solvent between the nanotubes167.  
 
 
Figure 3.18 FE-SEM images of densely-packed poly-PtTAPc nanotube array 
after template dissolution. 
 
The major causes for hollow poly-MTAPc nanotube formation within 
the AAO pores were the annular morphology of the Pt base electrode and the 
low MTAPc monomer concentration (0.1 mM). The proposed explanations for 
the polymer tube-forming mechanism in the next paragraph below were 
largely derived from the works of Gu et. al.118 and Cho et. al.168.  
 
In view of the ring-shaped structures of the Pt base layer, the 
sharpened “tip” of each Pt “ring” (depicted in Figure 3.19A) was highly 
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charged as compared to other regions of the Pt layer due to its geometry118,168. 
Consequently, initial PtTAPc electropolymerization took place preferentially 
at these sharpened tips producing the initial hollow, tube-like morphology 
(Figure 3.19B). Similarly, it follows that the sharp “rim” of the short polymer 















Figure 3.19 (A) Cross-section of a single pore of the Pt/AAO assembly. (B) 
The Pt that travelled into the pore during sputtering partially takes the shape of 
the pore, which produces an annular-shaped Pt structure at the base.  
 
 
3.4 Comparison of Electrodes (Nanotube Array vs Thin 
Film):  DPA Calibration of NO concentration between 0.1 
– 1.0μM 
 
In this part of the project work, poly-MTAPc-nanotube/AAO/Pt was 
coated by Nafion, giving rise to the Nafion/poly-MTAPc-nanotube/AAO/Pt 
sensor electrode. Although the polymeric nanotubes of the three MTAPcs 
Walls of the 
AAO pore 
Pt layer 
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have short lengths (of 1µm, see Figure 3.18) compared to the thickness of the 
AAO template (60µm), the additive effects of its densely-packed arrangement 
(1011 pores/cm2)169 provided remarkable improvement to the electrocatalytic 
activity of NO oxidation. It is clear that the narrow diameter (200nm) of the 
AAO pores did not impede the diffusion of the small NO molecules. Instead of 
simply showing the DPV and DPA data for this novel AAO electrode, this 
section compares the sensitivity and detection limit of Nafion/poly-MTAPc-
nanotube/AAO/Pt electrode to the flat Nafion/poly-MTAPc/GCE in order to 




Figure 3.20 shows the stepwise DPA plots obtained using the 
Nafion/poly-PtTAPc-nanotube/AAO/Pt electrode and the Nafion/poly-
PtTAPc/GCE in PBS (pH7.4) containing NO concentration ranging from 0.1 
to 1.0μM. In comparison to the Nafion/poly-PtTAPc/GCE, the “steeper steps” 
of the current response from the Nafion/poly-PtTAPc-nanotube/AAO/Pt 
electrode indicated a major sensitivity improvement due to its unique 
nanoporous design. Figure 3.21 summarizes the sensitivities of the 
Nafion/poly-MTAPc-nanotube/AAO/Pt electrode and the Nafion/poly-
MTAPc/GCE in a 3D plot with data presented for all three MTAPcs. As 
shown in Figure 3.21, DPA calibration for the NO concentration range of 0.1-
1.0μM showed minor differences in the sensitivity between the three MTAPcs 
for both electrode systems.  
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Figure 3.20 DPA plots of Nafion/poly-PtTAPc nanotube/AAO/Pt (-----) and, 
Nafion/poly-PtTAPc/GCE (-----) for NO concentration of 0.1-1.0μM in PBS 
(pH7.4). The immersed plane area for both electrode systems was 0.07 cm2. 
 
 
Figure 3.21 Comparison of the sensitivity of Nafion/poly-MTAPc 
nanotube/AAO/Pt and Nafion/poly-MTAPc/GCE based on DPA calibration 
for NO concentration range of 0.1 to 1.0 μM (data presented according to the 




CuTAPc ZnTAPc PtTAPc 










Nanotube modified AAO electrode Thin-Film modified GCE 
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B. Detection limit 
 
The Nafion/Poly-MTAPc-nanotube/AAO/Pt electrode presented an 
impressive detection limit of 10nM, which was of an order lower than that of 
its flat Nafion/poly-MTAPc/GCE counterpart. DPA calibration of the 
Nafion/poly-PtTAPc-nanotube/AAO/Pt electrode was done by 10 successive 
injections of 10nM equivalent of NO at a regular interval of 30 seconds 
(Figure 3.22A). The linear calibration plot in Figure 3.22B shows a 
sensitivity of 31.5nA/nM for the Nafion/poly-PtTAPc-nanotube/AAO/Pt 
electrode. Table 3.10 lists the sensitivity of the Nafion/poly-MTAPc-
nanotube/AAO/Pt electrode in the NO concentrations range of 10nM to 0.1μM, 
for the three MTAPcs. As seen from this table, the three MTAPcs showed 
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Figure 3.22 (A) DPA measurements of Nafion/Poly-PtTAPc-
nanotube/AAO/Pt electrode in PBS (pH7.4) with additions of NO 
concentration from 10 nM to 0.1 μM.  (B) Corresponding linear calibration 
plot. 
 































Current (nA) = -31.5 (nM) + 3255
(B) 
(A) 
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Table 3.10 Summary of the sensitivities of Nafion/Poly-MTAPc-
nanotube/AAO/Pt electrode in PBS (pH7.4).  
 
 
Clearly, the amplified area provided by the closely-packed poly-
MTAPc nanotube array entrenched within the nanoporous AAO membrane 
provided superior performance in comparison to that of a flat poly-MTAPc 
layer on GCE. The superior performance of the modified AAO electrode 
demonstrated herein reinforced the works of Gu, et al.117 and Ekanayake, et 
al.170 whereby both authors have also reported superior analyte sensitivity for 
such nanotube-modified nanoporous AAO electrodes over their respective 
thin-film counterpart.  
 
Ugo and co-workers reported119,120 that the unique morphology of the 
nanoporous AAO electrodes can provide a high faradaic (signal) to capacitive 
(background) current ratio, enabling improved sensitivity and detection limit. 
However, based on several examples cited in Walcarius’ review116, this 
enhanced ratio can only be achieved for analytes that (1): adsorb onto the 
electrode surface (surface confined species) and not for those that are (2): 
diffusion controlled, as the capacitive current of such nanoporous AAO 
electrodes is expected to increase in parallel with the faradaic current when the 
active surface area is increased. Based on the considerations by Ugo and 
Walcarius as well as the results obtained in this study, the stronger sensitivity 
M Sensitivity (nA/nM) R
2 
Cu 20 0.992 
Zn 18 0.9882 
Pt 31.54 0.9903 
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shown by the Nafion/poly-MTAPc-nanotube/AAO/Pt electrode over the 
Nafion/poly-MTAPc/GCE to NO at sub-micromolar levels suggested that the 
MTAPc-mediated NO oxidation process is characterized by a rate-limiting 
step that involves adduct formation between NO and the MTAPc unit, in good 
agreement with the proposed mechanism in the literature shown earlier in 
Section 3.2.3C. 
 
For submicromolar NO detection, the results in Table 3.9 and Table 
3.10 showed that the sensitivity, limit of detection and linear ranges of the 
Nafion/poly-MTAPc/GCE and Nafion/poly-MTAPc-nanotube/AAO/Pt 
electrode were insensitive to the metal centers of the three different MTAPcs: 
CuTAPc, ZnTAPc and PtTAPc. At such a low NO concentration level, a 
diffusion controlled MTAPc-mediated NO oxidation may also possibly 
explain this metal-center independent trend. When the diffusion of NO to the 
poly-MTAPc material becomes the rate-determining step, the changes in 
sensor performances due to different metal-based redox processes of the Cu2+, 
Zn2+ and Pt2+ centers, could have been indiscernible. However, based on the 
considerations by Ugo and Walcarius as well as the results obtained in Figure 
3.20, 3.21 and Table 3.10, the stronger sensitivity shown by the Nafion/poly-
MTAPc-nanotube/AAO/Pt electrode over the Nafion/poly-MTAPc/GCE to 
NO at sub-micromolar levels excludes the possibility of a diffusion controlled 
of the MTAPc-mediated NO oxidation process.  
 
In this study, the nano-porous AAO template was successfully utilized 
to create an array of hollow nanotube structures of poly-MTAPc entrenched 
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within the channels. The amplified surface area from the nanotubular 
morphology of the poly-MTAPc material resulted in an increased ratio of the 
faradaic to charging current in the electro-oxidation of NO, resulting in the 
enhanced sensitivity and a lower detection limit when compared to a thin film 
of the poly-MTAPc of equal plane area. Future work will focus on optimizing 
the length, morphology of the poly-MTAPc nanotubes as well as the AAO 
pore sizes towards its NO sensing performance. It should also be possible to 
miniaturize this novel sensor electrode so that it could be applied in in-vivo 
monitoring of physiological NO in biological samples. 
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4  
Chapter 4 summarizes the main findings in the thesis and highlights 
their implications. As mentioned, the main objective was on the study of MPc-
modified electrodes as NO sensor and this thesis focused on the MTAPc 
derivative in its electropolymerized form. CuTAPc, ZnTAPc and PtTAPc 
had been selected to investigate the influence of the metal centres towards the 
performance of the MTAPcs as NO sensors. The syntheses of these three 
MTAPcs have been pursued by oil-bath (literature procedures) and microwave 
heating methods. Therefore the first part of this chapter (Section 4.1) pertains 
to the successful two-step synthesis of MTAPc in a scientific microwave 
reactor. The second part (Section 4.2) elaborates on the contribution made 
towards the understanding of the influence of the metal center in the 
electropolymerized MTAPcs towards electrocatalytic NO oxidation. In the 
final part (Section 4.3), a novel amperometric NO sensor based on the novel 
poly-MTAPc nanotube modified AAO electrode, was constructed. It was clear 
that the amplified surface area from the nanotubular morphology of the 
electrocatalytic poly-MTAPc material provided excellent improvement in 
sensitivity and detection limit.  
 
 
4.1 Two-Step Microwave Heating Synthesis of MTAPc 
 
 Syntheses via microwave heating have been of interest since the 1980s. 
Such interest has stimulated rapid progress in both the development of 
specialized microwave reactors and the understanding of microwave chemistry. 
The current availability of stirring capability, temperature and power control 
in modern microwave reactors have promoted the rapid growth of their use not 
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only in exploring new types of organic syntheses but also in re-development 
and re-optimization of already well-established synthetic methods. In 
agreement with this trend, this thesis has provided a clear account of a facile 
and highly-reproducible two-step microwave heating synthesis of CuTAPc, 
ZnTAPc and PtTAPc.  
 
With the use of a commercially available microwave reactor, the 
solvent-free synthetic protocol of the MTNPc provided a clear improvement in 
terms of reproducibility and safety, compared to older published procedures 
that had reported the same synthesis using various domestic microwave ovens. 
Considering pure thermal effects as governed by Arrhenius’ Equation, 
conditions for the microwave heated synthesis of MTAPc from the reduction 
of MTNPc have been successfully re-optimized from those used in the oil-bath 
heated literature procedure61. The attractive microwave heated two-step 
MTAPc synthesis has been shown to drastically shorten reaction times and 
require less tedious workup, with comparable product purity to that of 
products from other established procedures. 
 
With declining costs and further improvement in design, microwave 
reactors may become a logical choice of heating source for small scale 
reactions in the laboratory. Such a trend is inevitable given the advantages of 
shorter reaction times and purer products.  
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4.2 Influence of the Metal Centers of Electropolymerized 
MTAPc modified GCE towards NO Detection 
 
In the beginning, ZnTAPc (Zn2+: d10) was proposed as one of the 
series of MTAPcs studied due to the interests in the possibility of any d orbital 
intervention during the electro-oxidation of NO. The heavy Pt metal, being a 
soft acid, has been known to preferentially interact strongly with N donor 
atoms which may pose implications when electrode modified by poly-PtTAPc 
is used for NO oxidation.  
 
NO sensors based on Nafion/poly-MTAPc/GCE with the three 
MTAPcs (M: Cu2+, Zn2+ and Pt2+) have been successfully demonstrated by 
DPV ([NO]: 1-10µM) and DPA ([NO]: 0.1-1.0µM) in PBS at pH7.4. The 
calibration results showed that MTAPc-mediated NO oxidation was largely 
due to a ligand-based process.  
 
At sub-micromolar level of NO (0.1-1.0µM), regardless of the metal 
centers, the DPA responses of the Nafion/poly-MTAPc/GCE were comparable 
in terms of detection limit, sensitivity and linearity. In contrast, for higher NO 
levels (1-10µM), marked difference were seen for the three MTAPcs. The 
catalytic electro-oxidation of NO could very likely proceed via a ligand-based 
redox process of the MTAPc unit where any d orbital intervention could 
possibly be only significant only at high analyte concentration.  
 
The effects of the metal centre towards electrocatalytic activities of 
electropolymerized MTAPc complexes have not been extensively or 
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systematically studied. Further work in this area (with different or no metal 
centres and with a variety of analytes) is needed to improve our understanding 
of electrocatalytic process.  
 
 
4.3 Poly-MTAPc nanotube array modified nanoporous 
AAO sensor electrode 
 
 MTAPc electropolymerization within the confinement of nanoporous 
Anodisc™ (Pt coated on one side) have resulted in a densely-packed array of 
poly-MTAPc nanotubes within the AAO pores, and the entire assembly was 
evaluated as a novel nanoporous AAO sensor electrode, after an additional 
coating of Nafion. Compared to the Nafion/poly-MTAPc/GCE, where the 
poly-MTAPc was only a thin film on the flat electrode, this novel nanoporous 
electrode was 10-15 times more sensitive with a 10 times improvement in 
detection limit, based on DPA calibration (signal to noise ratio> 3).  
 
According to the theoretical consideration of Ugo and co-workers, the 
enhancement in ratio of the faradaic current to the charging current during NO 
electro-oxidation was a result of the amplified electroactive poly-MTAPc area 
from its nanotube-arrayed morphology. The performance of the AAO sensor 
electrode was independent of the identity of the metal centers supports the 
deduction that a ligand-based redox mechanism is likely to dominate at 
submicromolar NO concentration. 
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Future work could possibly focus on optimizing the length and 
morphology of the poly-MTAPc nanotubes as well as the dimensions of the 
AAO templates (pore sizes, thickness) to improve on its NO sensing 
performance. It is also noteworthy to mention that Ugo have already 
experimentally171 confirmed that the excellent faradaic/capacitative 
(signal/noise) current ratios at such nanoporous AAO electrode, are 
independent on the total geometric area of the disk-shaped assembly. With 
modern day precision engineering, it should also be possible to miniaturize 
this nanoporous sensor electrode so that it could be applied in in-vivo sensing 
of physiological NO. 
 
 
4.4 Final Remarks 
 
From a pragmatic point of view, nanostructurization of the 
electrocatalytic poly-MTAPc material have proven to be a more effective 
method to improve sensor performances compared to changing the central 
metal ion of MTAPc or developing newer MPc derivatives. Given the 
potential, more studies on the elegant design and development of other 
nanostructured poly-MTAPc materials or hybrid materials for selective 
sensing can be anticipated. The use of such nanostructured catalytic materials 
could also move away from the area of chemical sensors to other important 
technologies such as fuel cells, batteries and supercapacitors or photovoltaics. 
Finally, the development of more facile and convenient microwave heating 
methods for the synthesis of MTAPc and/or other MPc derivatives will attract 
more scientists to systematically explore these systems. 
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Appendix 15 — DPV Calibration plot of Nafion/Poly-CuTAPc/GCE between 1-


















Ip (μA) = 0.1268[NO] (μM)+ 0.0864 
R² = 0.986 
 
7-10 μM: 
Ip (μA) = 0.0193[NO] (μM) + 0.1476 







Appendix 16 — DPV Calibration of Nafion/Poly-ZnTAPc/GCE between 1-
10µM of NO. 
 
 
Ip (μA) = 0.0026[NO] (μM)  + 0.0007 















Appendix 17 — DPV Calibration of Nafion/Poly-PtTAPc/GCE between 1-
10µM of NO. 
  
Ip (μA) = 0.1001[NO] (μM) + 0.1576 


















Appendix 18— DPA Calibration of Nafion/Poly-CuTAPc/GCE between 0.1-
1.0µM of NO. 
 
 
Ip (μA) = -0.2402[NO] (μM) + 0.2464 


















Appendix 19 — DPA Calibration of Nafion/Poly-ZnTAPc/GCE between 0.1-





Ip (μA) = -0.2935 [NO] (μM) + 0.3003 



















Appendix 20 — DPA Calibration of Nafion/Poly-PtTAPc/GCE between 0.1-





Ip (μA)= 0.4496 [NO] (μM) + 0.037     



















Appendix 21 — DPA Calibration plot of Nafion/Poly-CuTAPc/GCE between 





Ip (nA) = -19.956 [NO] (μM) + 1861.8 

















Appendix 22 — DPA Calibration plot of Nafion/Poly-PtTAPc/GCE between 
0.1-1.0µM of NO. 
 
 
                          Ip ( nA) = -31.543 [NO](nM) + 3.257             
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